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Studies of Tridehydropyridine Radical Cations by Using Fourier-Transform Ion 
Cyclotron Resonance Mass Spectrometry and Advancement of Mass Spectrometric 
Analysis of Asphaltenes and Lignin Degradation Products. Major Professor: Hilkka I. 
Kenttämaa.  
 
 Aromatic organic molecules which have unpaired electrons play an important role 
in a variety of applications in the fields of organic synthesis, organic magnets, and 
biological activity of organic compounds. Several studies have been published on σ- type 
carbon-centered mono- and biradicals. Reactive intermediates with three formally 
unpaired electrons are known as triradicals. They can be defined as species with three 
electrons distributed in three degenerate or nearly degenerate orbitals, based on  Salem’s 
definition of  biradicals from the electronic structure point of view. Very little is known 
about the reactivity of carbon-centered σ,σ,σ- triradicals due to the complexity of  
studying triradicals experimentally. Fourier-transform ion cyclotron resonance mass 
spectrometry (FT-ICR) and “distonic ion approach” were employed to characterize the 
reactivity of three isomeric  σ,σ,σ-triradicals. The reactivity of the triradicals was 
compared with previously studied related  mono- and biradicals. Examination of the  
reactivity of  σ,σ,σ-triradicals  not only provides  information about the chemical 
properties of   triradicals but also  helps us understand better the influence of  spin/spin 
interactions within   polyradicals. 
 xv
          In addition to fundamental studies, as described above, mass spectrometry can be  
helpful in structural elucidation of  components of complex mixtures. This dissertation 
reports the utility of atmospheric pressure chemical ionization(APCI) tandem mass 
spectrometry for the identification of compounds containing the 3-phenylallyl alcohol 
moiety in lignin degradation product mixtures. This method was needed because most 
lignin degradation products with these structural features undergo fragmentation when 
they are ionized in mass spectrometers by using common methods. The specific goal was 
to develop a mass spectrometric evaporization/ionization method that produces only one 
ion type per analyte without fragmentation that can be used to derive MW information 
The results demonstrate that when sample solutions of lignin model compounds 
containing the 3-phenylallyl alcohol moiety are dissolved in water and doped with PdCl2, 
atmospheric pressure chemical ionization (APCI)yields abundant (M-H)+ ions. The 
specificity of the method was explored by analyzing various other model compounds 
which do not contain the 3-phenylallyl alcohol moiety. The model compounds that 
contained unsaturation in the side chain but no 3-phenylallyl alcohol moiety generated 
ions such as (M-H+H2O)+ and (M-H+CH3OH)+ upon APCI after treating the sample with 
PdCl2. Finally, the method was used to explore the presence of 3-phenylallyl alcohol 
moiety containing compounds in real degraded lignin samples. The mass spectra collected 
before and after treatment of the degraded lignin sample with PdCl2 indicated the absence 
of compounds with the 3-phenylallyl alcohol moiety. In order to confirm this conclusion, 
the degraded lignin samples were doped with known amounts of model compounds 
containing the 3-phenylallyl alcohol moiety and the mass spectra were measured before 
and after treating the sample with PdCl2. The model compounds were easily identified by 
 xvi
using this method. This method will greatly facilitate the characterization of mixtures 
derived from biomass. 
In addition to identification of compounds containing 3-phenylallyl alcohol 
moiety in complex lignin mixtures, APCI tandem mass spectrometry was also used to 
study the fragmentation behavior of ionized synthetic model compound of asphaltenes. 
The CAD studies of ionized molecules with fused aromatic ring systems, such as 9-
dodecylanthracene, dodecylpyrene, 9-hexylnaphthalene and hexylpyrene, show 
exclusively benzylic bond cleavages. However, the alkyl side chains of ionized 
hexylnaphthalene, dodecylnaphthalene, hexylbenzene and dodecylbenzene react with the 
aromatic π-system to produce odd-electron fragment ions from odd-electron ions. 
Asphaltene model compounds show less benzylic bond cleavages. This suggests that the 














Aromatic organic molecule such as mono, bi and triradicals plays an important role in 
the field of organic synthesis and biological activities of organic compounds.1  The study 
of  radical reactions has become an interesting area of research  because there are several 
processes initiated through radicals. Chemical processes   such as combustion, aging and 
several biochemical processes proceed through radical pathways.2  
 
 
1.1.1 FT-ICR Mass Spectrometry 
Fourier transform ion cyclotron resonance (ICR) mass spectrometry was 
developed in 1970’s.3 FT-ICR was developed by Melvin B. Comisarow and Alan G. 
Marshall in 1974.4,5 It quickly proved to be a powerful tool for accurate mass 
measurement compared to other mass spectrometers., It has the highest mass accuracy 
and resolution for ions with m/z values of up to about 3000.6,7It is a versatile and 
powerful analytical technique which is used, for example, in the investigation of gas-
phase ion chemistry.8,9 The high resolution and mass accuracy make this technique ideal 
for the characterization of many complex mixtures. One of the important features of  FT-
ICR are its ion storage capability and the ability to easily manipulate gaseous ions, which 
2 
 
allows the gas-phase synthesis and the study of many interesting ions via  tandem mass 
spectrometry experiments. Therefore, FT-ICR mass spectrometry along with collision-
activated dissociation (CAD) and ion/molecule reactions have been used  here to study 
the  structure and reactivity of charged triradicals. 
 
1.1.2 LQIT Mass Spectrometry 
The LQIT instruments have  greater versatility and extreme sensitivity. These 
instruments have much greater ion trapping capacity and trapping efficiency than their 
precedent, the 3-D quadrupole ion traps (QIT).10 Many stages of  tandem mass 
spectrometry (MSn) can be performed. Multiple-state tandem mass spectrometry is a 
powerful tool for  ion structural elucidation, wherein  an ion of interest is isolated  and 
subjected to reactions whose product ion’ structures can be probed via a second stage of 
mass spectrometry. LQIT mass spectrometry along with multiple-stage tandem mass 
spectrometry experiments have been demonstrated to be a powerful tool for ion structure 
elucidation. 
 
1.2 Thesis Overview 
The research discussed in this dissertation focused on the use of gas-phase 
ion/molecule reactions for reactivity studies of organic poly in an FT-ICR mass 
spectrometer, and the use of a LQIT mass spectrometer for the development of an 
ionization method for 3-phenylally alcohol containing compounds as well as to study the 
fragmentation behavior of ionized model compounds of asphaltenes. 
3 
 
Chapter 2 summarizes the experimental aspects, principles of instrumentation and the 
experimental setups and fundamental principles of FT-ICR and LQIT mass spectrometers 
used in these studies. Chapter 3 describes the syntheses of pyridine based triradical 
precursors used to generate triradicals in the experiments presented in Chapter 4 and the 
synthesis of six asphaltene model compounds used in CAD studies described in Chapter 
6 
Chapter 4 describes reactivity studies on charged σ,σ,σ-triradicals. These studies 
provide information about the chemical behavior of tridehydropyridinium cations. 
Chapter 5 describes the utility of palladium chloride as a dopant for the ionization and 
identification of lignin degradation products containing the 3-phenylallyl alcohol 
functionality by using atmospheric pressure chemical ionization (APCI). 
Finally, Chapter 6 describes a study of the fragmentation behavior of ionized 
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CHAPTER 2: FT-ICR AND  LQIT MASS SPECTROMETRY: INSTRUMENTAL 





The principle of ion cyclotron resonance was discovered by Ernest O. Lawrence 
and Stanley M. Livingston in 1932.1 Ion cyclotron resonance found a place in the field of 
analytical chemistry with the design of Omegatron - the first ion cyclotron resonance 
(ICR) mass spectrometer.2 Fourier transform ion cyclotron resonance (ICR) mass 
spectrometry was introduced in 1970’s. It quickly proved to be a powerful tool for mass 
measurement compared to other mass spectrometers due to its  high mass accuracy and 
resolution.3,4The promising results of the first scanning ICR mass spectrometers led to the 
development of first commercial mass spectrometers led to the development of first 
commercial ICR mass spectrometer by Varian (1966),  It has been extensively used in 
investigation of gas-phase ion chemistry5,6.Furthermore, its tandem mass spectrometry 
(MSn) capabilities, detection of all ions simultaneously and ability to store ions  for long 
periods of time also make the FT-ICR mass spectrometric technique an excellent tool for  
various analytical applications. 
    The principles of FT-ICR mass spectrometry and their applications have been 
reviewed extensively. This chapter briefly discusses the fundamentals of FT-ICR mass 
spectrometry and operational parameters of the instrument, typical experimental 
conditions, and basics of gas-phase ion-molecule reactions. Molecular orbital calculations 
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were carried out by Dr. John J. Nash  to complement experimental results. The 
importance of  LQIT mass spectrometry is discussed in section 2.7 
 
2.2 FT-ICR Instrumentation 
All experiments were carried out  using a3-Tesla Finnigan Model FTMS 2001 
Fourier transform ion cyclotron resonance (FT-ICR) mass spectrometer (Figure 2.1) 
equipped with a Sun Sparc 20 data station running ODYSSEY version 4.0 software and a 
Stored Waveform Inverse Fourier Transform7 (SWIFT) cell controller.8,9The system was 
equipped with three main components: a superconductive magnet, an ultrahigh vacuum 
system, and an analyzer dual cell.10 The high vacuum was maintained by two Edwards 
160P/700 (800 Ls-1) diffusion pumps, one for each side of the dual cell, each backed with 
an Alcatel mechanical pump. The vacuum system was operated under a nominal base 
pressure lower than 10-9 Torr in each of the cells, as measured by two Bayard-Alpert 
ionization gauges located about one meter above each cell.11To accurately determine the 
pressure of the reagent in the ICR chamber, corrections needed to be made to ionization 
gauge readings in order to account for the distance of the ionization gauges from the cell 







Figure 2.1. Finnigan Model 2001 Fourier Transform Ion Cyclotron resonance mass 




2.2.1 Sample Introduction 
The instrument used for this research was equipped with three pulsed valve 
assemblies, two on the source side and one on the analyzer side of the dual cell, were 
used to introduce gaseous and volatile liquid samples. Two batch inlet systems (one on 
each side) containing Andonian variable leak valves were normally used for introduction 
of liquid samples with relatively low boiling points. Two Varian all metal leak valves 
located on each side of the instrument were used for introduction of volatile solid and 
highly viscous liquid samples. In addition, both sides of the instrument contained heated 
probes for introduction of nonvolatile solid samples. Samples were introduced into the 
instrument through various inlets-solids’ probes, Varian variable leak valves,13 batch inlet 
systems equipped with variable leak valves and pulsed valves. Gaseous samples, such as 
helium and argon, which were used for quadrupolar axialization and ion cooling, 
respectively, were introduced into the instrument through Parker Hannifin pulsed 
valves.14 Highly volatile liquids were introduced into the instrument using Andonian leak 
valves. An automated solids’ probe was used to introduce nonvolatile samples into the 
source cell. The automated solids probe’s temperature was raised up to 250 0C whenever 
needed. 
The instrument contained a dual-cell consisting of two 2-in.cubic cell assemblies 
sharing one common side.15 The cells were aligned collinearly with the magnetic field 
produced by a 3.0-T superconducting magnet. The two regions of the dual cell, source 
region and analyzer region, were framed by a stainless steel, vacuum-tight divider that 
separates the bore of the magnet into two equal chambers. This design allowed 
differential pumping of each region so that the source region could be maintained at 
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certain pressures without affecting the pressure established in the analyzer region. Each 
of the cubic cell assemblies consisted of three pairs of parallel plates which were 
electrically isolated from each other and mechanically held together. The three plates that 
were perpendicular to the magnetic field were used for trapping ions along the magnetic 
field axis by applying a small potential (typically ±2 V) to them. The middle trapping 





Figure 2.2 Details of FT-ICR dual-cell. Reproduced with permission from Nicolet FT- 








The conductance limit contained a 2 mm hole in the center, which allowed for 
ions to traverse from one cell into the other when this trapping plate was grounded. In 
addition, the 2 mm hole allowed for electron beam to travel from the electron source 
(electron filament), located on the analyzer site, to the source site, where ions could be 
generated by electron ionization. The remaining four plates of each cell were parallel to 
the magnetic field and were used for excitation and detection of ions. In each cell, two 
opposing plates, at the bottom and at the top, were used for detection and the two 
remaining ones were used for excitation. These two plates were maintained at ground 
potential during ion-molecule reaction processes, while an rf-pulse was applied to them 
during ions’quadrupolar axialization, excitation, detection, isolation and for CAD. All 
these events are discussed in detail below 
 
 
2.3 Ion motion in FT-ICR Cell 
Ions’ motion in the FT-ICR mass spectrometer is controlled by the magnetic and electric 
fields that are present.16 Equation 2.1  gives the sum of the forces F that act upon an ion 
with a charge q and velocity v as a result of its interaction with an electric field E and a 
magnetic B.17 
ܨ ൌ ݍܧ ൅ ݍሺݒ ൈ ܤሻ    Eq. 2.1 
The magnetic field is uniform, homogenous and acts in one direction over the volume of 
FT-ICR dual-cell (Figure 2.3). The electric field arises from the application of voltages to 
the ICR’s trapping plates. The charged particles experience three types of motion: 
cyclotron, trapping and magnetron motions18,19 in the collision free environment of the 
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Figure 2.3 Dual cell environment. Reproduced with permission from Nicolet FT-MS 












2.3.1 Cyclotron  Motion 
An ion moving in a uniform magnetic field is subject to an inward-directed 
Lorentz force (F Lorentz) that is perpendicular to the direction of the velocity of the ion (v) 
and the strength of the magnetic field (B) as shown in the following equation. 
 
FLorentz = ma = qvB     Eq. 2.2 
where m is the mass of the ion, a is the acceleration experienced by the ion, and q is the 
charge of the ion.20,21 The Lorentz force is counterbalanced  by the outward directed 
centrifugal force, FCentrifugal. This force is defined by equation 2.3, 
 
 
FCentrifugal  =		௠௩మ௥     Eq. 2.3 
 
where m and v are the mass and velocity of the ion, respectively, and r is the radius of the 
ions’ cyclotron motion. Since  centrifugal and Lorentz forces balance each other, the 
equations 2.2 and 2.3 can be set equal to  each other as shown in Equation 2.4. Equation 
2.4 can be divided by v to yield Equation 2.5. 
ݍݒܤ ൌ ௠௩మ௥      Eq. 2.4 
 
ݍܤ ൌ ௠௩௥      Eq. 2.5 
The cyclotron frequency (υc) of a charged particle in a circular motion is directly related 





Figure 2.4 The cyclotron motion of a positively charged ion in the x-y plane 
 
 




Substitution of   ௩௥  in Equation 2.5 with 2ߨ߭௖ gives the following dependence 
߭௖ ൌ ௤஻ଶగ௠      Eq. 2.7 
Equation 2.7 shows that the cyclotron frequency of a charged particle depends on its 
mass-to-charge ratio and the strength of the magnetic field. Ions in an FT-ICR revolve at 
a frequency independent of their kinetic energies. This feature of FT-ICR mass 
spectrometers allows them to achieve much higher resolution than instruments in which 
resolution is dependent on the kinetic energies of ions. In this work, the cyclotron 
frequencies of singly-charged ions range from 2.5 MHz to 91.4 kHz, corresponding to 
mass-to-charge (m/z) ratios of 18-500. 
 
 
Figure 2.5 Cyclotron and trapping motions of a positively charged ion in the ICR cell in 






2.3.2  Trapping Motion 
Ions are constricted in the xy-plane due to the magnetic field but it does not affect the ion 
motion along the z-axis. Ions are prevented from escaping along the z-direction with  a 
small potential, typically +2V for positive and -2V for negative ions, applied to the three 
trapping plates  perpendicular to the magnetic field. Due to this potential, ions oscillate 
harmonically between the trapping plates, the frequency of the trapping motion (்߭ሻ can 
be determined by Equation 2.8, 
 
																																																										்߭ ൌ ଵଶగ	 ට
ଶ௤	௏೅ఈ
௠ௗమ               Eq. 2.8. 
where q is the charge of the ion,  m is the mass of the ion, α (2.77373 cm for a cubic cell) 
is a geometry constant, and d is the  distance between the trapping plates. ்߭ trapping 
frequencies of  ions of m/z 18-500 lie between 24.1 kHz  and 6.4 kHz. 
      Trapping motion allows transferring of ions between the two cells in a dual-cell FT-
ICR.  Transfer of ions can be achieved by grounding the conductance limit while 
maintaining a potential of  +2 V (positive ions) or -2V (negative ions) on the other two 
trapping  plates (Figure 2.6 b). The transfer time in these studies was obtained from 
Equation 2.9 and optimized for the best transfer efficiency by either slightly increasing or 
decreasing it. 







Figure 2.6 The harmonic trapping motion of an ion trapped in the magnetic field (a) 




2.3.3. Magnetron Motion 
Ions are trapped in FT-ICR for an extended period of time due to the combination 
of magnetic and electric fields. Ions are constrained in xy-plane perpendicular to the 
magnetic field while ion motion along z-axis is constrained due to the repulsive 
electrostatic potential applied to the trapping plates. The combination of the electric and 
magnetic fields produces a third ion motion, the magnetron motion even though trapping 
motion and cyclotron motion are not coupled. Magnetron motion of ions guides the 
center of the cyclotron motion of the ions around the center of the cell (Figure 2.7).  The 
outward radial force (ܨ௥) which drives the trapped ions outward and away from the center 
of the cell is described by  Equation 2.10 
 
 




where q is the ion charge, ்ܸ 	 is the potential applied to the trapping plates, r is the radius 
of the ions’ magnetron motion, α (1.39 cm for a cubic cell) is a cell geometry factor, and 
a is the distance between the trapping plates. The frequency of the magnetron motion is 
defined as follows: 
߭ெ ൌ 	ఈ௏೅గ௔మ஻              Eq. 2.11 
The magnetron frequency  ߭ெ is directly proportional to the trapping potential, 	்ܸ , and 
the cell geometry factor α and inversely proportional to the strength of magnetic field, B, 
and the distance of trapping plates, a. The magnetron frequency is independent of an 
ion’s mass-to-charge ratio (m/z). Therefore, all ions will have the same magnetron 
frequency under identical conditions. The frequency of magnetron motion of an ion in the 
3 T FT-ICR mass spectrometer used in these studies is about 114 Hz. It is much smaller 
than the cyclotron frequencies of ions (2.5 MHz to 45.7 kHz in these studies). The 
magnetron motion does not serve any useful analytical purpose. However, it has an 
influence on ion motion, which unfavorably affects resolution, mass accuracy, ion 
transfer from one cell into the other, and sensitivity. Increase in the ions’ magnetron orbit 
due to collisions can bring the ions too close to the cell walls and result in ion loss. 
Quadrupolar axialization can be used to minimize the adverse effects of magnetron 




Figure 2.7 Representation of cyclotron (small circles) and magnetron (big circles) 
motions (greatly enhanced for visibility). The magnetron motion follows equipotential 











2.4. Experimental Aspects of Ion-Molecule Reactions 
 
2.4.1 Introduction 
Ion-molecule reactions of described in this thesis were studied in an FT-ICR mass 
spectrometer by using the distonic ion approach. It is important to introduce the 
experimental aspects used to study ion-molecule reactions. The following sections 
discuss the distonic ion approach used for studying radical reactions in the gas phase, 
experimental sequences and all the events included in the experiment. 
 
      2.4.2 Distonic Ion Approach 
Studies related to reactive intermediates in solution are scarce due to problems 
associated with their generation and high reactivity. FT-ICR mass spectrometer provides 
a great gas-phase environment for studying highly reactive molecules by using the 
“distonic ion” method (Figure 2.8).22,23,24The “distonic ion” method  involves the study of 
reactive radicals via  their derivatives carrying a chemically inert charged group for 
manipulation in the FT-ICR mass spectrometer.25 The radical and ionic sites are usually 




Figure 2.8 Distonic ion approach  
 
 
2.4.3. Experimental Sequence 
The most common experiments performed in this dissertation research were ion-
molecule reaction measurements involving radical ions and neutral reagents (section 2.5) 
and collision-activated dissociation (CAD) studies on the ion-molecule reaction products. 
The experiments in FT-ICR can be described as a set of events occurring in the same 
place but spread out in time. This is in contrast to traditional mass spectrometers wherein 
all events occur simultaneously and continuously but in different parts of the mass 
spectrometer. The advantage of the dual-cell FT-ICR is that it can separate experiments 
both in time and in space. The purpose of this section is to explain the main events and 





Charges serves as a "handle"
for mass spectrometric manipulation
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             The experimental sequence for ion-molecule reaction studies for radical cations 
is shown in Figure 2.9.  The sequence started with precursor ion generation in the source 
cell followed by transfer of the precursor ion from the source cell into the analyzer cell. 
The generation of the radical site(s) in analyzer cell was achieved by employing sustained 
off-resonance irradiation collision-activated dissociation (SORI-CAD) to homolytically 
cleave a weak bond (or bonds) in the precursor ion. Next in sequence followed isolation 
of the radical cation followed by reaction with a neutral reagent, and excitation of the 
reaction products for detection. The sequence of the events is shown in Figure 2.9. 
IGCF measurement experiment included ion generation in the source cell and ion transfer 
from the source into the analyzer cell. The ions were isolated and allowed to react with a 
neutral reagent for a variable period of time. Products were excited and detected 
 
 
Figure 2.9 The sequence of events of an ion-molecule reaction experiment involving a 

















Figure 2.10 The sequence of events leading to generation of an isolated triradical 
Ionization of the radical precursor 
Ion Transfer 







Figure 2.10, continued. 
 
2.4.4. Ion Generation 
A charge site must be established on a molecule to manipulate it in a mass 
spectrometer. Electron ionization26 (EI) and chemical ionization27 (CI) are the two 
ionization method used in this research. Bombardment of a neutral molecule with a beam 
of electrons causing ejection of an electron from the neutral molecule is termed electron 
ionization. The chemical ionization generates ions by the collisions of neutral molecules 
with chemical ionization reagent ions usually generated by electron ionization. 
Depending on the reagent, electron or proton transfer may occur.28 
 





Scheme2.1.Representation of EI and CI reaction schemes. 
 
All mono-, bi- and triradicals studied in this research were generated in one side 
of the dual-cell from precursors containing iodo- or nitro-substituents. The neutral 
precursors were obtained commercially or synthesized using known or novel methods 
(see Chapter 3 for details). The neutral radical precursors were introduced into the 
instrument at a nominal pressure ranging from 1.0 x 10-8up to 5.0x 10-8 torr either via a 
Varian variable leak valve29or  a heated solids probe. After their introduction into the cell, 
a proton, deuteron, or a methyl group was attached to the neutral precursor to ionize it 
(chemical ionization, CI). Reaction times for CI varied from 1s upto 25s. Methanol or 
acetone (introduced via a batch inlet equipped with an Andonian leak valve) was used as  
the reagent for protonation whereas methyl iodide was used for methylation and was 
introduced via a pulse valve. Deuteration was accomplished via CI using deuterated 







































Figure 2.11 Chemical ionization reactions involving a) and b) protonation, c) methylation 













2.4.5. Ion Manipulation 
The methods frequently used to manipulate ions in FT-ICRs include ion transfer 
from one cell into the other, fast frequency sweep (“chirp”) excitation for detection,30,31 
ejection of unwanted ions from the cell via stored-waveform inverse Fourier transform 
(SWIFT) excitation,32,33quadrupolar axialization34,35 (QA) to improve the efficiency of 
ion transfer from a cell into the other, and sustained off-resonance irradiation collision-
activated dissociation (SORI-CAD) for cleaving  bonds.36 Kinetic excitation of ions is 
involved in the majority of the ion manipulation techniques. Therefore, before discussing 
the ion manipulation techniques in detail, general information about excitation is given   
Ions formed in an FT-ICR cell have low kinetic energies. The ions occupy a small 
area in the xy-plane as the radius of their cyclotron motion is much smaller than the 
dimensions of the cell. It is necessary to increase the radii of the cyclotron motion in 
order to eject unwanted ions in the xy-plane or increase ion’s kinetic energy for CAD or 
for detection this can be carried out by kinetic excitation of the ions via application of a 
sinusoidal rf potential to the excitation plates. When the frequency of the rf electric field 
is in resonance with the cyclotron frequency of the ions, the ions absorb energy and spiral 
outwards. All ions with the same m/z are excited so that they move coherently in space 
and have the same radius of cyclotron motion .Continuous excitation of ions results in a 
continuous increase in the radius of their cyclotron motion, which eventually results in 
their neutralization due to collisions with cell plates. This approach is used to eject 
unwanted ions from the cell. For CAD, the ions are excited to a larger cyclotron radius 
but not so large that they are neutralize. After the excitation has been stopped, the final 
cyclotron radius (re) is given by equation 2.12. 
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                                                 re =
	୚೛ష೛	୘౛
ଶ௔஻                                  Eq 2.12 
where Vp-pis the peak-to-peak voltage applied, Te is the excitation time, a is the 
distance between the excitation plates and B is the strength of the magnetic field.37CAD 




Figure2.12 Ion excitation to a larger cyclotron radius via application of an on-resonance 
rf-potential to the excitation plates. 
 





  2.4.5.1 Ion Transfer 
Ion transfer from one cell into another can be achieved by utilizing the trapping 
motion and grounding the conductance limit while maintaining a repulsive potential (± 
2V) on the terminal trapping plates. Protonated, deuterated or methylated precursors were 
transferred by grounding the conductance limit for 100-250 µs. Prior to transfer, the 
receiving  side of the dual-cell was cleaned by removing all ions by changing the trapping 
voltage from  +2.0 V to -3.5 V for 15 ms. Transferred ions gain some extra kinetic energy 
during the transfer process. This energy was reduced by collisions with the neutral 
molecule present in the receiving cell. Excess internal energy of the ions was dissipated 
by giving them time (1 s) to undergo IR emission.38 
   Ion transfer is hindered by large radii of cyclotron or magnetron motion. If the radii are 
greater than the radius of the hole in the conductance limit (1 mm), this causes the ions to 
collide with the conductance limit plate and get neutralized. Quadrupolar axialization41,42 
technique was applied to overcome this problem. This technique is discussed in detail in 
section 2.4.5.3. 
 
2.4.5.2 SWIFT Excitation and Frequency-sweep 
Formation of the ionized radical precursor was always accompanied by generation 
of unwanted ions. After ion transfer into the other cell, some unwanted ions were usually 
observed in the other cell.  Removal of the unwanted ions was performed by SWIFT 
excitation of only the unwanted ions until they hit the cell plates and got neutralized.   
Chirp is a fast frequency-sweep typically employed to kinetically excite ions of a 
wide mass range for detection or ejection. Chirp is also used to eject unwanted ions in 
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some case; this method is quick, simple and less costly on ion abundance compared to 
SWIFT. However, this method suffers from non-uniform ion excitation resulting from the 
instability in the magnitude of the rf potential. All the ions are not excited to the same 
cyclotron radius. This irregularity may affect signal intensity. Further, it may result in 
ejection of the ions of interest instead of unwanted ions. This problem can be avoided by 
the usage of SWIFT. 
SWIFT excitation does not suffer from the non uniformity observed with chirp 
excitation. In SWIFT, an inverse Fourier-transform of a predefined frequency-domain 
excitation waveform is applied to produce a time-domain excitation waveform. This 
SWIFT excitation can be used to simultaneously detect ions or eject all unwanted ions 
with specific cyclotron frequencies from the cell. This method allows for the selective 
isolation of an ion with a desired m/z without the problems associated with frequency-
sweep excitation. SWIFT was used for the isolation of charged radicals after generation 
while chirp was used for ion detection after the ion-molecule reactions. 
 
2.4.5.3. Quadrupolar Axialization(QA) 
 Quadrupolar excitation was accomplished by applying an rf-potential of opposite 
phases to the detection plates and the excitation plates (Figure 2.15), which generated  a 
quadrupolar electric field instead of a dipolar electric field.  Ions collided with a collision 
gas (helium) that was introduced at a high pressure(~ 1 x 10-5 torr) upon quadrupolar 
excitation. The collisions made the ions relax back into the center of the cell as their  
motion  was collisionally dampened and their cyclotron radii  were reduced. 
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 Quadrupolar axialization can be employed to overcome inefficient ion transfer from 
one cell into the other by converting ions’ magnetron motion into cyclotron motion. The 
QA process uses quadrupolar excitation of ions and a collision gas to axialize ions into 
the center of the cell. QA converts magnetron motion to cyclotron motion. Since the 
radius of the cyclotron motion decreases faster than the radius of the magnetron motion 
increases upon collisions, ions can be brought back into the center of the cell for efficient 




Figure 2.13. The electrical configuration for quadrupolar excitation (source cell) and 














Figure 2.14. Simulation of ion trajectories in an ICR cell during quadrupolar 
axialization.39 Adapted with permission from ref.39 (A) Projection of three-dimensional 
simultaneous periodic cyclotron, magnetron, and axial motions in the absence of 
collisional damping and electric excitation. (B) Cyclotron and axial motions dampened 
quickly while the radius of the magnetron motion grows at a lower rate with the addition 
of collisions. (C) Quadrupolar excitation interconverts magnetron and cyclotron motions 
and dampens the cyclotron radius to bring ions back into the center of cell. Copyright 
1994 American Chemical Society.  
 
 
Quadrupolar axialization is mass selective for ions with the cyclotron frequency equal to 
the frequency of the applied quadrupolar rf pulse. All other ions undergo radial diffusion 








2.4.5.4 Collision-activated Dissociation (CAD) 
The generation of radical sites in the cations discussed above was achieved by 
homolytically cleaving off substituents from the charged precursors. In order to do this, 
an rf-pulse was applied to the excitation cell plates to kinetically excite ions of a specific 
m/z ratio. Upon collisions with the argon target gas, the excited ion’s kinetic energy was 
converted into internal energy, and when sufficient internal energy was accumulated into 
the ion, fragmentation followed. The method is known as collision-activated 
dissociation40 (CAD). 
Kinetic excitation can be achieved by using an rf pulse with a frequency matching 
the cyclotron frequency of the ions to be excited (on-resonance CAD). On-resonance 
CAD in FT-ICR suffers from several drawbacks, such as signal loss due to ion scattering 
caused by the formation of fragment ions away from the center of the cell. This reduces 
the efficiency of detection of the fragment ions. Sustained off-resonance irradiation 
collision-activated dissociation43,47 (SORI-CAD) allows collision-activated dissociation 
without scattering losses. In SORI-CAD, the ion of interest is kinetically excited by 
applying a long-duration excitation rf voltage to the excitation plates that is slightly off-
resonance from the cyclotron frequency of the ion of interest, causing the expansion and 
a relaxation of the cyclotron orbit of the ion outwards and back into the center of the cell, 
respectively. The kinetic energy that the ion gains is less than in the on-resonance process 
so the ion remains in the center of the cell.   The ion of interest undergoes multiple low-
energy collisions with argon resulting in a slower increase in the ion’s internal energy 
than in on-resonance CAD. The ion usually dissociates via the lowest energy pathway 
close to the center of the cell. In the studies discussed here, SORI-CAD was utilized to 
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generate the radical sites in ions. The number of SORI-CAD events needed to generate 
the radical sites depended on the type of radical ions being generated, being one for 
monoradicals, one or two for biradicals, and two or three for triradicals. The charged 
precursor ions were subjected to off-resonance rf-excitation for 0.3-0.4 s at a frequency ± 
1000 Hz off-resonance of their cyclotron frequency in the presence of argon as a target 
gas  that was introduced into the cell at a nominal pressure of ~ 1 x 10-5 torr. The 
fragment ions were cooled for a minimum of 1 s via collisions with the neutral reagent 
molecules present in that cell to reduce their kinetic energy and via IR emission to reduce 
their internal energy before examining their ion/molecule reactions. 
 
2.4.6. Ion Detection 
Chirp (fast broadband frequency-sweep excitation) increases ions’ kinetic energy 
and the radius of their cyclotron motion, as discussed above. As a result, ions with the 
same m/z ratio  will undergo cyclotron motion coherently as a packet of ions of different 
m/z-ratios pass by the detection plates, they attract or repel electrons in the detection 
plates through an external circuit that joins them, inducing a sinusoidal current. This 
alternating current is called image current. The image current was converted into voltage, 
amplified and digitized. Voltage signal was converted into frequency-domain by Fourier 
transformation as it contains many sinusoidal signals of different frequencies and 
amplitudes that correspond to the m/z ratios and abundances of the detected ions. 
Which is ultimately converted into a mass spectrum by applying calibration formula 
derived from equation 2.7.  In the studies discussed here, ions of interest were excited for 
detection by using chirp excitation with a bandwidth of 2.7 MHz and a sweep rate of  
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3,200 Hz µs-1.The obtained mass spectra were  an average of five transients that were 
obtained at an acquisition rate of 3333, 5333 or 8000 kHz. The number of data points 
recorded ranged from 64 K to128 K. 
The transients were subjected to Hanning41 apodization and one zero-fill, 
employed to correct the baseline anomalies that result from an abrupt termination of the 
time-domain signal. Zero fill involves addition of five zeroes to the transient signal to 
increase the number of data points. The purpose of the application of apodization and 
zero-fill waste improve the signal-to-noise ratio and enhance the appearance and 




Figure 2.15 Detection of Ions, an image current is produced on the detection plates, 








2.5 Ion-molecule Reactions 
 Ion generation and isolation was followed by allowing the ions to undergo reactions 
with a reagent for a variable time period in order to determine the reaction efficiency. 
Ion gauge correction factor (IGCF) was measured for each reagent. This 
measurement followed the sequence of ion generation, ion transfer from source cell into 
the analyzer cell, ion isolation in the analyzer cell, and reaction with the neutral reagent 
for various intervals of time. The obtained products were then excited and detected.  
Ion-molecule reactions between radical ion and a reagent was examined by 
transferring the protonated radicalprecursor into the clean analyzer cell where the ions 
were cooled as described above, followed by (SORI-CAD) to generate the radical site(s). 
The ions thus generated were isolated using (SWIFT) excitation pulses and allowed to 
react with the reagents for selected time periods. The product ions were detected as 
described above. 
 A background mass spectrum was also collected by using the same conditions but 
by ejecting the radical ion from the cell before reaction. The background spectrum was 
subtracted from the actual spectrum in order to eliminate interference from reactions 
involving background ions.42 The branching ratios of the product ions and the reaction 








2.5.1 Ion-Molecule Reaction Kinetics 
As mentioned above, charged radicals were allowed to react with  neutral reagents 
for a variable time period, typically ranging from 0.005 up to 1000 s, in order to 
determine reaction efficiencies The nominal pressure of the neutral reagent was typically 
1.3 x 10-8 Torr, as measured by ionization gauges. 
Ion-molecule reactions follow second-order kinetics when they are conducted in a 
high-vacuum environment, as described by equation 2.13 
ݒ ൌ ݇௦௘௖ሾܰሿሾܫሿ                    Eq. 2.13.  
 
where  ݒ is the reaction time, ksec  is the second-order reaction rate constant, [N] is the 
concentration of the neutral reagent, and [I] is the concentration of the charged radical As 
the concentration of the neutral reagent remains constant throughout the course of the 
reaction, gas-phase ion-molecule reactions follow pseudo-first order kinetics, and 
Equation 2.13 can be simplified to Equation 2.14, 
	
ݒ ൌ ݇௢௕௦ሾܫሿ                                                                        Eq. 2.14.                           
wherein  kobs is equal to ksec[N],which is experimentally obtained  from the slope of a 
semi-logarithmic plot of the relative abundance of the charged radical over time. The 
value of the second-order reaction rate constant can be obtained by dividing kobs by the 
concentration of the neutral reagent. 
݇௦௘௖ ൌ ௞೚್ೞሾேሿ             Eq. 2.15. 
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The concentration of the neutral reagent [N] was determined by measuring the 
pressure of the neutral reagent (P) by an ionization gauge and by applying a conversion 
factor 3.239 x 1016 (1 torr = 3.239 x 1016 molecules/cm3) to convert the measured 
pressure of the neutral reagent into its concentration, as described in equation 2.16. 
																																																	݇௦௘௖ ൌ ௞೚್ೞሾ௉ሿሺଷ.ଶଷଽ	୶	ଵ଴భలሻ          Eq. 2.16. 
The sensitivity of the ion gauge towards a specific neutral molecule is affected by the 
molecule’s polarizability. A correction factor C1 is needed to account for the different 
polarizabilities of the neutral reagents studied in this research, as shown in Eq. 2.17 
																																																														ܥଵ ൌ ଵ଴.ଷ଺ఈା଴.ଷ଴          Eq.  2.17. 
where in α is the polarizability of the neutral reagent. Further, the ion gauges were 
located about one meter from the  cell The distance of the ion gauges from the cell and 
their variable sensitivity toward the different neutral reagents studied affect the reading of 
the neutral reagent’s pressure. A correction factor C2 is needed to account for the location 
of the ion gauges. This correction factor was obtained by measuring the rate of an 
exothermic electron transfer reaction between carbon disulfide radical cation and the 
neutral reagent of interest, which is assumed to occur at the collision rate. The correction 
factor obtained from this experiment is called the ion gauge correction factor. The 
second-order reaction rate constant can be obtained by Equation 2.18 
	
																									݇௦௘௖ ൌ ௞೚್ೞሾ௉ሿሺଷ.ଶଷଽ	୶	ଵ଴భలሻ	ଡ଼		஼భଡ଼஼మ	          Eq. 2.18 
Reaction efficiency is the fraction of collisions leading to a reaction, which is given by 




Reaction Efficiency = ௞ೞ೐೎௄಴೚೗೗೔ೞ೔೚೙ x 100 %    Eq. 2.19 
where kcollision is the theoretical collision  rate constant calculated using the parameterized 
trajectory  theory developed by Su and Chesnavich.43 The accuracy of the rate constant 
measurements is estimated to be ±50% while the precision of the measurements is less 
than ±10%. For the reactions that do not follow the pseudo-first order kinetics, reaction 
rates were modelled using non-linear regression in SigmaPlot. 
      The branching ratios of the ionic primary products were obtained by dividing the 
abundance of each primary product by the sum of the abundances of all primary products. 
The primary products were distinguished from secondary products by their constant 
relative abundances at short reaction times, and, in some cases, by isolation of the 
product ion and examination of its reactivity. 
 
2.5.2 Brauman Double-Well Potential Energy Surface 
Brauman proposed the double-well potential energy model (Figure 2.16) in 1977 
to explain variations in the rates of gas-phase ionic SN2 reactions.44 The two wells in the 
double-well surface represent the reactant complex and the product complex, which are a 
result of the ion-dipole and ion-induced dipole interactions between the ion and neutral 
molecule. The rate of an ion-molecule reaction is predominantly determined by the 
difference in the energy (∆E) between the total energy level of the system (separated 
reactants) and the transition state. Even when the transition state energy is lower than the 
total energy of the system, an ion-molecule reaction may occur at a lower rate than the 
collision rate if dissociation of the reactant complex back to the reactants is entropically 
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more favored than the path leading over transition state because of the tighter 
configuration of the transition state that the separated reactants. As the total energy of the 
reaction system is conserved in the gas phase, the net reaction must be exothermic 
     Reactions in solution are strongly influenced by solvation effects (Figure 2.17). For 
example, the energetic cost of replacing solvent molecules by reactant molecules lowers 
reaction rates. In contrast, gas-phase reactions are free from solvation effects, except for 
the formation of the reactant complex that involves solvation of the ionic reactant by the 
neutral reactant.  
 
 
Figure 2.16 Potential energy surfaces for ion-molecule reactions in solution and in the      







Figure 2.17 Brauman’s double-well potential energy surface showing the tightness of the 









2.6 Molecular Orbital Calculations 
In order to rationalize the ion-molecule reactions in these studies, chemical 
calculations were performed by Dr. John Nash using the Gaussian 03 electronic structure 
program suites. The vertical electron affinities of mono-, bi- and triradicals, single-triplet 
gaps of biradicals, doublet-quartet gaps of triradicals, triradical stabilization enthalpies 
and all potential energy surfaces for rearrangements, dehydrocarbon atom separations 
(DAS) of some biradicals, potential energy surfaces and relative energies for transition 
states of several biradicals, doublet-quartet gaps of triradicals, and triradical stabilization 
energies  reported in this thesis were calculated.45 
The DAS values for the biradicals studied were calculated at the 
UBLYP/ccpVDZ//UBLYP/cc-pVDZ level of theory. The S-T gaps for the biradicals 
were calculated at the UBLYP/cc-pVDZ//UBLYP/cc-pVDZ or the RHF-
UCCSD(T)/cc42pVDZ//UBPW91/cc-pVDZ level of theory. The energy needed to reach 
the transition state geometry (ΔE) for the biradicals was calculated at the RHF-
RCCSD(T)/ccpVTZ//UB3LYP/cc-pVTZ level of theory. The D-Q gaps for the 
tetraradicals were calculated at the RHF-UCCSD(T)/cc-pVDZ//UBPW91/cc-pVDZ level 
of theory. The proton affinities for the conjugate bases of the biradicals were calculated at 
the RHF-UCCSD(T)/ccpVDZ//UBPW91/cc-pVDZ or the UBLYP/aug-cc-
pVDZ//UBLYP/cc-pVDZ level of theory. Electron affinities for biradicals, triradicals and 
tetraradicals were calculated at the UBLYP/aug-cc-pVDZ//UBLYP/cc-pVDZ or the 
UBLYP/aug-ccpVDZ//MCSCF(8,8)/cc-pVDZ level of theory. Triradical stabilization 




2.7 Linear Quadrupole Ion Trap (LQIT)  Mass Spectrometry 
 
2.7.1. Introduction 
LQIT mass spectrometry has received a great amount of attention recently 
because of its versatility and extreme sensitivity. It has a much greater ion trapping 
capacity and trapping efficiency than its precedent, the 3-D quadrupole ion trap (QIT).46 
The LQIT mass spectrometer used for this dissertation is a Thermo Scientific LTQ  with 
a Thermo SurveyorTM MS plus HPLC system and also equipped with an atmospheric 
pressure  ionization (API) source. A Dell Optiplex workstation (Microsoft Windows XP) 
running XCalibur 2.0.7 SP1 software was used for instrument control, data acquisition 
and data processing. A Thermo Scientific LTQ FT Ultra, a hybrid consisting of a linear 
quadrupole ion trap and a 7 Tesla Fourier-transform ion cyclotron resonance mass 
spectrometer (LQIT/FT-ICR), was also employed to perform measurements at ultra-high 
resolution when necessary. 
 Figures 2.20 and 2.21 show schematics of a LQIT mass spectrometer. It is divided 
into three regions, atmospheric pressure ionization (API) stack, ion optics region, and 
mass analyzer region, which houses the linear quadrupole ion trap.  Each region had a 
different operating pressure. The vacuum chamber containing the ion trap was maintained 
at 0.5-1.0 x 10-5 Torr by the means of a Leybold TW220/150/15Striple-inlet turbo 
molecular pump. The various inlets of the turbo pump serve to evacuate the initial and 
intermediate vacuum chambers prior to the ion trap region down to 50 mTorr and 
1mTorr, respectively. The pressure of  API stack is ~ 1 Torr, as maintained by two 
Edwards E2M30 rotary-vane mechanical pumps (650 L/min)The LQIT uses a set of four 
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quadrupole rods to confine ions radially and a static electrical potential applied to the end 
parts of the quadrupole rods to confine the ions axially.47 The hyperbolic rods  have been 
cut into three segments of 12, 37, and 12 mm in length. The fundamental aspects of ion 
generation, trapping, activation, ejection, isolation, and detection are discussed in detail 
in the sections below. 
 
 
Figure 2.18 Schematic of LQIT mass spectrometer with operational pressure for each    




Figure 2.19 Components of the API stack, ion optics, and mass analyzer 
 
2.7.2 Ion Generation 
In the LQIT used in this research, ions  were generated in the API source via 
atmospheric chemical ionization (APCI) or electrospray ionization (ESI). The ions then 
entered the API stack, which is the interface between the ion source and the mass 
analyzer. It consists of an ion transfer capillary, sweep cone, tube lens, and a skimmer 
(Figure 2.21).48 The ions were drawn into themass spectrometer via a heated transfer 
capillary. Ions are injected into the API stack due to the negative pressure gradient as 
well as the change in the voltage between API stack (± 0-20V) and ion source (kV).  
In these studies, APCI was used to ionize the analytes. The analyte solutions were 
introduced into the APCI source by either direct injection using a syringe or T-infusion 
with an HPLC system. APCI is a soft ionization that involves gas-phase ion-molecule 
reactions for ionization of analyte molecules at atmospheric pressure (Figure 2.22). The 
experiment involves passing a methanol/water solution containing   the analyte through a 
46 
 
heated vaporizer (about 400 oC to create a fine mist. The mist is mixed with a sheath gas 
(typically nitrogen) and exposed to Corona discharge.  The abundant sheath gas  is  
ionized by Corona discharge. Ionized sheath gas then ionizes solvent molecules, which 
undergo ion-molecule reactions with other solvent molecules to form secondary reagent 
ions. These ions ionize the analyte molecules via ion-molecule reactions involving. for 











2.7.3 Ion Transfer From Ion Source Into Trap 
Ions were directed into the ion trap of LQIT  by a series of ion optics. The ions 
were injected  into the atmospheric pressure ion source (API) region transported into the 
skimmer cone by  a negative pressure gradient as well as large drop in the voltage in the 
front of the API stack (± 0-20 V) and the ion source (kV) (Figure 2.21).  Ions were 
focussed into the skimmer by application of  a potential (typically 0 to ± 10 V; positive  
for positive ions and negative for negative ions) to the tube lens. Multipoles Q00 and Q0 




Figure 2.21 dc Offset voltages applied to the ion source, the API stack and the ion optics 
to aid in ion transmission in the axial direction. Illustration of the dc voltage gradient of 
the ion optics and the voltage applied to the gate lens (-72 V) that is used to accelerate 




Multipole Q1 is a cylindrical octopole ion guide that focuses  and transfers the ion 
beam from multipole Q0 into the ion traps (Figure 2.21).  
 
2.7.4 Ion Trapping 
In  LQIT, the ions are trapped by using rf and  dc voltages applied to the 
quadrupole rods of the ion trap. In radial direction (x-y plane), ions are trapped by a 
quadrupolar rf field with a fixed frequency  (1.2 MHz) and variable amplitude (0 to 
10000 V) applied to the four hyperbolic rods consisting of the 2D ion trap. In  axial 
direction (z-direction), ions are trapped by applying a repulsive dc potential to the front 
and the back sections of the 2D trap. A dc  voltage of +20 V was applied to  the front and 
back sections of the trap and -14 V was applied to the center section of the trap in order 





Figure 2.22 Quadrupoles that have the same rf voltage applied to opposite poles but 











2.7.4.1  Radial Ion Motion 
Ions’ radial motion (x-y  plane) in the LQIT is confined by an rf-field  that is 
produced by applying rf-voltages to the four rods of the ion trap.50,51 Potentials  (Φ0) are 
produced when both dc and rf potentials are applied to the paired hyperbolic rods.  The 
dc voltage (with amplitude U) and rf voltage (having a peak-to-peak amplitude V), with 
angular frequency ω, are applied to the rods.This can be represented by equation 2.20. 
 
                          േߔ଴		=  ±(U-V cos ωt)                                    Eq. 2.20 
The potential in the x-y plane, ߔ௫௬		, can be written as 
 




௥బమ                                        Eq. 2.21 
 
where r0 is the radius of the circle inscribed within the quadrupole rods. Therefore, ions 












ௗ௬                     Eq. 2.23 
where e is the elementary charge (1.6023 x 10-19 Coulombs). Rearrangement of equations 















ሺܷ െ ܸ	ܿ݋ݏ	߱ݐሻݕ ൌ 0                                        Eq. 2.25 
If the values of x and y are smaller than r0, ions will have a stable motion in the ion trap. 
The equations 2.24 and 2.25 are similar to the general form of the Mathieu equation 
(Equation 2.25): 
݀ଶݑ
݀ߦଶ ൅ ሺܽ௨ െ 2ݍ௨	ܿ݋ݏ2ߦሻݑ ൌ 0 
          Eq. 2.26 
 
where a and q are referred to as the Mathieu stability parameters. Equations 2.27 and 2.28 
are obtained by rearranging equations 2.23, 2.24 and 2.26 
                               a = ܽ௫= -ܽ௬= ଼௭௘௎௠௥బమ	ఠమ               Eq. 2.27 
      ݍ ൌ 	ݍ௫	= െݍ௬= ସ௭௘௏௠௥బమఠమ               Eq. 2.28 
 
Ions have stable trajectories when the values of  aand qfall within an overlap region of 
the Mathieu stability diagram Figure 2.25. In order to trap ions  with a broad  m/z range, 
LQIT is usually operated at ax =  0 so that ions of many different m/z values are trapped 
simultaneously.  With ax =  0, larger ions have  lower ݍ௫	while the smaller ions have 
higher ݍ௫	values at a given  rf potential,  by increasing the rf amplitude V, the q values 
increase. When  q reaches 0.908, ions are ejected from the trap as their trajectories in the 
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x-y plane become unstable. Low-mass ions will be ejected first from the trap as the q 
value is inversely proportional to the m/z value of the ion. 
At a given rf potential, each ion has a specific secular frequency that can be 
described as  
݂ ൌ ఉഘଶ                                                                             Eq. 2.29 
 
where ω is the angular frequency of the applied rf field and β is the Dehmelt 
approximation for a q value less than 0.4. The value of β can be approximated as  
 
ߚ ൌ 	ටܽ ൅ ௤మଶ                    Eq. 2.30 
 
The maximum value of β is 1 (stable  ions have a β value between 0 and 1).52,53 The  
maximum secular frequency of an ion is one half of the angular frequency of the  
rf potential  applied to the rods. The secular frequency of an ion’s oscillation is 
proportional to its q value. Therefore, since small ions have greater q values, they 






Figure 2.23 The Mathieu stability diagram for a linear quadrupole ion trap.  
 
2.7.4.2  Axial Ion Motion 
To trap the ions axially (z-direction), a repulsive dc potential is applied  to the 
front and the back sections of the four hyperbolic rods (Figure 2.26). Keeping the ions in 






Figure 2.24  Trapping of  ions  along the z-axis. 
 
2.7.4.3  Helium Buffer Gas 
The usage of helium as a buffer gas  was  important for trapping ions in the ion 
trap. Ions gain a significant amount of kinetic energy during their transfer from the API 
source into the  ion trap.  The use of helium  as a  buffer gas helped cool the ions  via a 
series of  low-energy collisions as they entered the trap.54This improved both the 











Figure 2.25 Use of helium as a buffer gas. Frictional collisions with helium concentrate 
the transferred ions into the center of the cell so that they can be trapped and detected 
more efficiently.55 
 
2.7.5  Ion Ejection and Detection 
LQIT requires mass-selective ejection of ions to the detective system. Ions can be 
ejected from the trap by increasing the  rf amplitude  so that their q value increases up to 
0.908 at which point the ions‘ trajectories become unstable and the ions are ejected from 
the trap. This technique of ejecting ions out of the trap is called  the “ mass selective 
instability scan” or “q-scanning”.9 However, in order to achieve  more efficent ejection of 
ions, reduced space charge effects, and  improved resolution, LQIT utilizes a method 
known as “ resonance ejection” at a lower q value of 0.880was utilized,  Resonant 
ejection  was performed via dipolar  excitations of ions by the application of a small  
supplemental rf to the x-rods of LQIT. The ions are ejected through slits in the  x-rods 
when the secular frequency of the ions is resonant with the  frequency of the 




In resonance with the  frequency of the supplementary rf potential and  the ions  
are quickly ejected out of the trap at q = 0.880. Resonant ejection allows  ions to be 




Figure 2.26 Ions’ ejection  with q-scanning vs resonant ejection          
 
 
As the ions  are ejected from the ion trap through the slits in the two x-rods, they 
are directed towards the detection systems. The two detection systems consist of  a 
conversion dynode and an electron multiplier (Figure 2.29).  A potential  (± 15 kV) is 
applied on the conversion dynodes to attract the positive or the negative  ions as they are 
ejected from the  trap.  Ejected ions hit the surface of the dynode and cause the ejection 
of one or more electrons.  The electrons are focussed by the curved surface of  the dynode 
and are accelerated towards an electron multiplier.The ion strikes the  surface of a 
conversion dynode and  hit the surface of the dynode and cause the ejection of one or 
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more electrons. This happens multiple times inside the electron multiplier to create a 
cascading effect producing a large measureable current which is proportional to the 
number of ions ejected from the trap or the  number of ions striking the curved surface of 









Figure 2.27 The ion detection system has two parts: 1) conversion dynode and 2) electron 
multiplier. Ions ejected through the X-rods are attracted to the conversion dynode and 
collide with its surface to make secondary particles that travel to the electron multiplier to 








2.7.6 Ion Isolation and Activation 
Ion isolation in the LQIT for tandem mass spectrometry experiments was 
performed by ejecting all unwanted ions via dipolar (resonance) excitation. by the 
application of an  rf  voltage to the x-rods  for a short period of time (typically 30 ms) 
covering  frequencies between 5-500 kHz except for the frequency of the ion of interest. 
The main  rf amplitude  was first ramped to place the ion of interest at a q value of 0.830 
in order to efficiently eject the unwanted ions.  In the LQIT,  unit resolution  could be 
obtained up to  approximately m/z 1500. For tandem mass spectrometric experiments 
(MS/MS), the q value  was usually set to  0.2 
 
 
Figure 2.28 Graphical representation of the multi-frequency tailored waveform of 






2.7.6.1 CAD in the Ion Trap 
Isolated ions can be subjected to collision- activated dissociation (CAD) in LQIT. 
In LQIT, CAD is a slow heating method, which allows ions to undergo multiple low-
energy collision over a relatively long activation time. It  was carried out by bringing the 
ion of interest at a q value57 of 0.250 and then subjecting it to dipolar excitation. A 
supplemental  rf potential (~1V) at a secular frequency of the isolated ion  was applied to 
the x-rods for approximately 10 - 100 ms. During this time period, the isolated ions 
undergo multiple collisions with helium, which convert the ions’ kinetic energy into 
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CHAPTER 3: SYNTHESIS OF RADICAL PRECURSORS AND                                        




The successful generation of reactive intermediates in the gas phase depends on 
the correct choice of their precursors. For example, the precursors chosen for aromatic 
mono-, bi- and triradical studies have to fulfill at least two major requirements. As mass 
spectrometry deals with ions, the precursors have to have a functional group which 
allows their ionization via electron ionization or chemical ionization. The radical  
precursors described in this thesis  were generated  from pyridine derivatives; thus, the 
functional group that allows ionization in the basic nitrogen atom. Second, to generate 
radical site(s) in the precursor molecules, they have to have atoms or groups that are 
weakly bound to the carbon atoms of the phenyl ring. The chosen precursors were 
substituted with iodine atoms and nitro groups, which are easily cleaved in FT-ICR mass 
spectrometers by using sustained off-resonance irradiation collision-activated 
dissociation (SORI-CAD). 
 The asphaltene fraction of crude oil contains the largest and most aromatic 
molecules of petroleum and is commonly used as tar-mats on roads.  Asphaltenes’ 
negative impact on pollution (due to their high sulfur content), fouling of catalysts, 
formation of deposits during production and processing of crude oil, corrosion, and 
formation of emulsions  make asphaltenes problematic for the refining industry and 
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society at large.1Analysis of volatile pyrolysis products of asphaltenes has suggested that 
a considerable fraction of the aromatic cores are made up of small aromatic systems (1-5 
fused benzene rings) while the lengths of the aliphatic chains attached to the aromatic 
cores range in size from 30 up to 40 carbon atoms.2 In order to test this proposal, I have 
synthesized asphaltenes’ model compounds containing alkyl side chains of varying 
lengths attached to aromatic cores with varying sizes.  
The substituted pyridines and asphaltene model compounds that were synthesized 
are shown in Figure 3.1. Experimental conditions of these synthetic reactions were not 
carefully optimized to produce the maximum yield as the goal was just to get enough of 
the pure desired product for its identification and mass spectrometry experiments, which 




Figure 3.1. Synthesized radical precursors and  asphaltene model compounds  
 
 Synthesis of  2,3,5-triiodopyridine (1) was accomplished via Sandmayer’s  





Scheme 3.1  
 
 2,3,6-Triiodopyridine was prepared using  iodination of  3-aminopyridine 15via a 
method described by Charrier et al.4 to generate 16 (Scheme 3.2). The modified 
Sandmayer’s reaction of 16 yielded  2,3as confirmed by mass spectrometry, 1H  NMR  
 
 
Scheme 3.2  
 
2,4,5-Triiodopyridine  (3) was made in three steps. The first step was the 
iodination of  17  by using a method described by Charrier et al. (Scheme 3.3),2which 
resulted in the  formation of three  different products, 18, 19 and 20. 18was isolated 
 




using  flash chromatography. The compound was characterized by1H NMR and mass 
spectrometry. 18 was subjected to a modified Sandmayer’s reaction in order to convert 
the amino group to an iodo group3 (Scheme 3.4) to yield 21. 21 was converted to 3 by 
halogen exchange of the chlorine atom  to  iodine atom by using a procedure described by 
Bissember etal. by using  a microwave reactor3(Scheme 3.5).  The formation of 3 was 




Scheme  3.4 
 
 
Scheme 3.5  
 
 Synthesis of  4 was carried out by the halogen exchange reaction described by 







Scheme 3.6  
 
 Compounds5 and 7 were synthesized by  iodination of 23 via a method described 
by Charrier et al.4 (Scheme 3.7). 
 
 
Scheme 3.7  
 
6 was synthesized using  a  procedure reported by Le Bas, Marie-Delphine et 
al.6(Scheme 3.8). Ozone was supplied by an ozonator.  After reaction, the product 
mixture was brought up to  room temperature  and heated at 50oC for 30 min, followed  































Compounds 10, 11, 12, 13, 14,and 15  were synthesized  with  a  procedure 
reported by  Bullock etal.7 as shown in  Scheme 3.9.  Compound 12was synthesized  by 
using  28 and 1-hexyne as the starting material whereas  13 was synthesized  by using 28 
and 1-dodecyne as the starting material. Compounds 14 and 15 were  synthesized using  
29 and 1-hexyne and  29 and 1-dodecyne, respectively, as the starting material.  
 
 
Figure 3.2 Precursors for 12, 13, 14, and 15 
 
3.2 Synthetic Procedures 
The synthesis of each compound is described in detail below. All reactions were 
performed under an argon atmosphere if needed. Solvent was purified and/or predried if 
needed. All reagents were used as received. Commercially available chemicals were 
purchased from either Sigma-Aldrich Chemical Company (Milwaukee, WI), Alfa Aesar 
(Ward Hill, MA), or Acros Organics (Pittsburgh, PA). Analytical thin-layer 
chromatography (TLC) was used to monitor the reactions. Visualization was 
accomplished with UV light (254 nm). 1H NMR spectra were acquired on either Varian 
Inova (at 300 MHz) or a Bruker ARX (at 400 MHz) and chemical shifts are reported 
relative to the residual solvent peak. 13C NMR spectra were acquired on a Varian Inova 
(at 75 MHz) or a Bruker ARX (at 100 MHz) and chemical shifts are reported in ppm 
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relative to the residual solvent peak. In reporting spectral data the format (δ) chemical 
shift (multiplicity, J values in Hz, integration) was used with the following abbreviations: 
s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet. Infrared spectra were 
recorded on a Perkin-Elmer Model 2000 FTIR using KBr plates (thin film).Peaks are 
reported in wavenumbers (cm–1). The m/z values of the peaks observed in the high 




                                             
To a stirred solution of iodine (14.574 mmol, 3.698 g) in EtOH (25mL) was 
added AgSO4 (14.574 mmol, 4.533 g) and the reaction mixture was stirred for  10 
minutes. 4-Amino-2-chloropyridine (5.205 mmol, 750 mg) was added slowly over a 
period of 10 minutes. Reaction mixture was stirred at room temperature for 3 hours. TLC 
analysis indicated the complete conversion of starting material to products. The reaction 
mixture was  passed through celite  and the resulting  filtrate was washed with 3 x 50 mL 
of 10% NaHCO3 solution and it was extracted with 3 x 50 mL  dichloromethane. Organic 
layer was washed with 50 mL of brine solution, dried over MgSO4, filtered and 
evaporated under reduced pressure. The product was purified by silica gel 
chromatography by using EtOAc/hexane (2:8) as eluent to afford 4-amino-2-chloro-5-
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iodo-pyridine as a brown precipitate:1H NMR (400 MHz, CDCl3): δ 7.87, 6.46 (s, 1H), 
5.02 (broad, NH2). 
 
3.2.2  2-Chloro-4,5-diiodopyridine 
 
                                                 
4-Amino-2-chloro-5-iodopyridine was cooled to -10 oC using ice/MeOH bath and 10 mL 
of already cooled 2M H2SO4 was added to the reaction mixture. Solution of  NaNO2 
(1.019 mmol, 70 mg) in 2 mL of deionized water was cooled and added into the reaction 
mixture and it was  stirred for 30 minutes at room temperature. A solution of KI (7.0578 
mmol, 1.171 g) in 5 ml deionized water was added to the reaction mixture. The reaction 
mixture was stirred  at room temperature for 45 minutes and then  heated at 80oC for 1hr. 
TLC showed the complete conversion of starting material into product. Reaction mixture 
was cooled using ice/ MeOH bath and it was neutralized by adding 20 mL of 20% 
Na2CO3 solution drop wise until the pH of the reaction mixture reached 7. The product 
was extracted with 3 x 50 mL of CH2Cl2, dried over Na2SO4 and solvent was evaporated 
with the help of rotary evaporator. The product was purified by silica gel chromatography 
using EtOAc/ hexanes (2:8) as eluent to obtain 2-chloro-4,5-diiodopyridine as a white 




3.2.3  2,4,5-Triiodopyridine 
 
                                               
Acetyl chloride (0.4098 mmol, 112.7 µL) was added to a mechanically stirred suspension 
of  2-chloro-4,5-diiopyridine (0.2732 mmol, 100 mg) and sodium iodide (2.732 mmol, 
409.51 mg) in 2 mL of acetonitrile. The reaction mixture was heated for 3h at 80 oC in 
the microwave reactor and then cooled and washed with  5 mL of  10% K2CO3 solution 
and 5 mL  of   5% sodium sulfite solution. Aqueous layer was extracted with  3 x 10 mL 
of CH2Cl2 , organic layers were combined, dried over Na2SO4  and the solvent evaporated 
with  the help of rotovap. The product was purified by silica gel chromatography using 
EtOAc/hexanes (1:1) as eluent to obtain 2,4,5-triiodopyridine as a white flaky powder: 1H 








3.2.4  3-Amino-2,6-triiodopyridine 
 
                                     
To a stirred solution of  17 in 30 mL of ethanol, iodine (9.52 mmol,  2.416 g) and silver 
sulfate (9.52 mmol, 2.97g) and the reaction mixture was stirred for  10 minutes. 3-
Aminopyridine (3.4 mmol, 320mg) was added slowly over a period of 10 minutes. 
Reaction mixture was stirred at room temperature for three hours. TLC analysis indicated 
the complete conversion of starting material to products. The reaction mixture was  
passed through celite  and the resulting  filtrate was washed with 3 x 50 mL of 10% 
NaHCO3 solution and it was extracted with 3 x 50 mL dichloromethane. Organic layer 
was washed with 50 mL of brine solution, dried over  MgSO4, filtered and the solvent 
evaporated under reduced pressure. The product was purified  by silica gel 
chromatography using EtOAc/ hexanes (2:8) as eluent to  afford 3-amino-2,6-







3.2.5  2,3,6-Triiodopyridine 
 
 
3-Amino-2,6-diiodopyridine was cooled to -10 oC using ice/MeOH bath and 10 mL of 
already cooled 2M H2SO4 was added to reaction mixture. Solution of  NaNO2 (3.469 
mmol, 239.3 mg) in 2 mL of deionized water was cooled and added into the reaction 
mixture and it was stirred for 30 minutes at room temperature, followed  by addition of a 
solution of KI (10.404 mmol, 1.727 g) in 5 ml deionized water. Reaction mixture  was 
stirred  at room temperature for 45 minutes and then  heated at 80oC for 1hr. TLC showed 
the complete conversion of starting material into products. Reaction mixture was cooled 
using ice/ MeOH bath and it was neutralized by adding 20 mL of 20% Na2CO3 solution 
dropwise untill the pHof the reaction mixture reached 7. The product was extracted with 
3 x 50 mL of CH2Cl2, dried over Na2SO4 and solvent was evaporated with the help of 
rotary evaporator. The product was purified by silica gel chromatography using 







3.2.6  2,3,5-Triiodopyridine 
 
 
2-Amino-3,5-diiodopyridine was cooled to -10 oC by using ice/MeOH bath and 10 mL of 
already cooled 2M H2SO4 was added to the reaction mixture. A solution of  NaNO2 
(3.469 mmol, 239.3 mg) in 2 mL of deionized water was cooled and added into the 
reaction mixture. It was stirred for 30 minutes at room temperature, followed by addition 
of a solution of KI (10.404 mmol, 1.727 g) in 5 ml deionized water  to the reaction 
mixture. Reaction mixture was stirred at room temperature for 45 minutes and then  
heated at 80oC for 1hr. TLC showed the complete conversion of starting material into 
products. Reaction mixture was cooled using ice/MeOH bath  and it was neutralized by 
adding  20 mL of 20% Na2CO3 solution drop wise  untill the pH of the reaction mixture 
reached 7. The  product was extracted with  3 x 50 mL of CH2Cl2,dried over Na2SO4 and 
solvent was evaporated with the help of rotary evaporator. The product was purified  by 
silica gel chromatography using CH2Cl2/ hexanes(1:1) as eluent to  obtain 2,3,5-
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  Aromatic organic molecules with unpaired electrons on σ-orbitals plays an 
important role in the fields of organic synthesis, organic magnets, and biological activity 
of organic compounds.3 Reactive intermediates with three formally unpaired electrons are 
known as triradicals. They can be defined as species with three electrons distributed in 
three degenerated based on Salem’s definition of biradicals from the electronic structure 
point of view.1 Several studies have been published on σ-type carbon-centered aromatic 
mono- and biradicals2,3.However, very little is known about the reactivity of analogous 




Figure 4.1 Tridehydrobenzenes as well as the triradicals studied, tridehydropyridinium and 
substituted tridehydropyridinium cations 
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The majority of  studies carried out on  σ-type aromatic triradicals are 
computational due the difficulty to study these highly reactive species experimentally.4, 
5,7,8 The first theoretical study on tridehydrobenzenes 1, 2 and 3 (Figure 4.1)  was reported 
by Bettinger et al.9 Their computational study shows that 1,2,4-tridehydrobenzene (2) and 
1,3,5-tridehydrobenzene (3) are higher in energy than 1,2,3-tridehydrobenzene (1) by  4.0 
and 11.8 kcal/mol, respectively. Thermochemical measurements on 1,3,5-
tridehydrobenzene (3) were conducted by Wenthold et al10 in 2002. Later, IR matrix 
isolation and IR detection of 1,2,3-tridehydroarene11 and trifluoro-1,3,5-tridehydroarene12 
were reported by Sander et al. 1,2,3-Tridehydrobenzene was generated by photolysis of 
3-iodopthalic anhydride (Scheme 4.1) and characterized by IR spectroscopy11 while 
trifluorinated1,3,5-tridehydrobenzene was generated by flash vacuum pyrolysis (FVP) of 
trifluorotriiodobenzene11 (Scheme 4.2). 
Recently, our group reported three kinetic reactivity  studies of 
tridehydropyridinium cations,  the 3,4,5-tridehydropyridinium,13 2,4,6-
tridehydropyridinium,14 and 3-hydroxy-2,4,6-tridehydropyridinium cations15 by using  
Fourier transform ion cyclotron resonance  (FT-ICR) mass spectrometry. Another study 
on the 3-cyano-2,4,6-tridehydropyridinium cation has been completed and manuscript is 
in preparation. The reactivity of the 3,4,5-tridehydropyridinium cation suggests  that this 
triradical can be best described as a highly reactive ortho-benzyne with a less reactive 
radical site. The 2,4,6-tridehydropyridinium cation shows high radical reactivity (due to 
the radical site  adjacent to the nitrogen atom) followed by low reactivity charateristic of 
the meta-benzyne moiety. The 3-hydroxy-2,4,6-tridehydro-pyridinium cation is best 
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viewed as a reactive monoradical with a chemically inert meta-benzyne moiety due to the 
presence of the methoxy group adjacent to both meta-benzyne radical sites. 
In order to improve the knowledge of triradicals and their reactivity controlling 
factors, reactivity of the 2,4,5-tridehydropyridinium (9), 2,3,5-tridehydropyridinium (10), 








4.2 Generation of Triradicals 
In this dissertation, triradicals 9, 10, and 11 (Figure 4.2)  were generated using 
methodology developed in the Kenttämaa labs, as discussed in Chapter 2, in an FT-ICR 
mass spectrometer from synthesized precursors (described in Chapter 3). In general, all 
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the triradical precursors were protonated or deuterated via CI in the source cell and 
transferred into the analyzer cell. The radical sites were generated by performing SORI-
CAD  to induce homolytic cleavage of C-I bonds to yield triradicals 9,10 and 11. 
 
 
Figure 4.2 Generation of isomeric tridehydropyridinium cations in the FT-ICR 
 
4.3 Possible Factors Controlling the Reactivity of Triradicals 
An important goal for reactivity studies of σ, σ, σ-triradicals is to determine the 
factors controlling the reactivity of this type of triradicals. The reactivity of polar 
monoradicals is controlled by the electron affinity (EA) of the radical site and hydrogen 
bonding interactions in the transition state. In addition to these two factors, the reactivity 
92 
 
of related biradicals is controlled by singlet-triplet energy splitting16 (S-T gap; the energy 
difference between the lowest energy singlet state and the lowest energy triplet state; 




Figure 4.3 Illustration for the influence of singlet-triplet gap (S-T gap) on the radical 
reactivity of biradicals. 
 
All the above factors may be affected by substitution. In order to understand the 
reactivity of the triradicals,  some of these factors should be considered.  
 
4.3.1 Electron Affinities 
The vertical electron affinity at the radical site, which influences the polarity of 
the transition states of mono- and  biradicals’  reactions, has been shown to affect their 
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reactivity. Hence, this parameter should also influence the reactivities of the 
tridehydropyridinium cations. 
The electron affinities (EA) of the tridehydropyridinium cations are very different 
from the EAs of the related tridehydrobenzenes (Figure 4.4). The incorporation of the 
NH+ group into the tridehydrobenzene significantly increases the EAs. The reactivity of 
monoradicals is often  proportional to their EAs. High EA results in faster reactions. The 























D-Q gap (kcal/mol) :  -48.8 -46.2 -32.4 -39.8 -30.2 -29.3
EA (eV) : 7.20  6.63 7.57 7.71 7.73 7.01
D-Q gap (kcal/mol) : -49.5 -39.3 -29.7






Figure 4.5 Doublet and quartet states of σ,σ,σ-triradicals. 
 
4.3.2 Hydrogen Bonding Interactions in Transition States 
Hydrogen bonding interactions in transition states may affect the reactivity of 
triradicals if a radical site or sites are near a group capable of hydrogen bonding.  In non-
substituted tridehydropyridinium cations, the NH+ group may form a hydrogen bond.  
Therefore, the reactivity of all the triradicals studied (4-12; Figure 4.1) except 4 toward 
THF may be affected by hydrogen bonding. 
 
 




4.3.3 Dehydrocarbon Atom Separation (DAS) 
The tridehydropyridinium cations 9 and 11 discussed in this Chapter have  their 
radical sites in meta-position relative to each other. DAS has been shown to influence the 
reactivity of meta-benzynes17and hence it should also be considered as a possible factor 
for controlling the reactivity of triradicals.  
 
4.3.4 Triradical Stabilization Energies (TSEs) 
The reactivity of tridehydropyridinium cations revealed that the three radical sites 
are not equally reactive  Scheme 4.3. This is due to non-equal coupling between the 
radical sites. TSEs provide a measure for the strength of interactions between  each 
radical site and the remaining biradical moiety in the triradical.17  The TSEs correspond 
to the enthalpy changes for isodesmic hydrogen atom transfers from the pyridinium 
cation to the  tridehydropyridinium cation to produce a mono- and a biradical cation. The 
TSE values provide a direct indication of stabilization (TSE > 0) or destabilization (TSE 
< 0) involved when all the three radical sites are present in the same molecule. TSE 
values of the doublet states of the triradicals were calculated by Dr. John Nash at the 






Based on  Scheme 4.3, TSEs determined for 9 show that  ortho-benzyne (C4-C5) 
interactions dominate, while the meta-interaction between the dehydrocarbon atoms C2-
C4 is relatively weak. This is indicated by the finding that the TSE associated with the 
separation of the radical site at C2  to produce 15 and 13 is very small (0.2 kcal/mol), 
whereas  the TSEs associated with the separation of  either C4 or C5 radical site to 
produce 17 and 18 or 16 and 14, respectively, are much higher due to proximity of the 






In triradical 10, the ortho-interaction (bottom )  is stronger than the meta-
interaction (top) and dominates Scheme 4.4. The difference between the two lowest TSEs 
is only 3.5 kcal/mol. However, the meta-interaction between the dehydrocarbon atoms C3 
and C5 of 10 appears to be somewhat stronger than the meta-interaction between C4 and 
C2 of 9. The low TSE associated with  the radical site C2 of 10 is not only due to the 

































Like for triradical 10, the ortho-benzyne  (C2- C3) interaction  dominates in 11 as 
the C2-C323 bond length is nearly the same for both  tridehydropyridinium cations10, and 
11.The relatively long calculated dehydrocarbon atom separation between   C2-C623 
suggests that the radical site at C6  does not interact very strongly with the ortho-benzyne 
moiety. 
 
4.4 Observed Reactivity 
The chemical behavior of the σ,σ,σ-triradicals 4- 8 has been  previously studied  
in our research group.19,20,21  In this section, results of studies on the reactivity of  novel 
tridehydropyridinium cations that are isomers of 4 and 5, σ,σ,σ-2,4,5-
tridehydropyridinium (9) cation  toward cyclohexane, tetrahydrofuran, allyl iodide, and 
dimethyl disulfide are reported and compared to the reactivities of 4 - 8. 
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4.4.1 The 2,4,5-Tridehydropyridinium Cation (9) 
The gas-phase reactions and products of the 2,4,5-tridehydropyridinium cation 9 
are compared with those of  two related σ,σ  –biradicals, the 3,4-didehydropyridinium 
cation 15 and the 2,4-didehydropyridinium cation 16, and  two σ-monoradicals, the 2-
dehydropyridinium cation  13 and the 3-didehydropyridinium cation 14 (Figure 4.6). 
 
 




Triradical 9 forms products similar to those of related  mono- and biradicals13, 14, 18, 
15, and 16  (Figure 4.6), as shown in Tables 4.1 and 4.2.  Detailed examination of the 
reactivities of 13-18 shows that the monoradicals 13 reacts rapidly with  all the reagents 
except dimethyldisulfide  (DMDS) and tetrahydrofuran (THF) with which monoradical 
13 reacts slower than 9. 14, and 18 reacts slower than 9. Monoradicals 14 and 18 react 
faster with THF and DMDS compared to 9. Monoradicals predominantly abstracts a 
hydrogen atom from THF and cyclohexane, an I atom from allyl iodide, and SCH3 from 
DMDS Monoradical 18 reacts with all the reagents by forming similar products  as 13 




Table 4.1 Observed reactions, branching ratios for the primary products, and reaction 
efficiencies for reactions of  monoradicals related to  9with cyclohexane, tetrahydrofuran, 
allyl iodide and dimethyl disulfide in FT-ICR mass spectrometer 
 
  
   
13 14 18  9 



























Eff. = 40% 
 




Eff. = 21% 
 




Eff. = 14% 
 




Eff. = 23% 
 
H abs              77%    
2xH+C4H5 abs  15%    
2 x H abs            8%     
   (2°) H abs                  
 











Eff. = 76% 
 







Eff. = 38% 
 
H abs       80% 
CH2 abs     8% 
C2H3 abs     6% 
CHO abs     3% 
C2H3O abs  2% 
 
 
Eff. = 28% 
 







Eff. = 47% 
 
H+ Transfer     39%       
C2H30 abs       23%       
D+ Transfer    12%        
H abs              07%       
Hydride-  Abs 07%  
CH20 abs        05% 
C2H5 abs       03% 













Eff. = 69% 
 
 
I abs       90%  






Eff. = 57% 
 
I abs          92% 






Eff. = 53% 
 
I abs         90% 








Allyl abs     66% 
I abs            18%    
   (2°) Allyl-H abs 
H+ trns           9% 
CH2 abs        7%  
 
 
Eff. = 47% 
 
 
SCH3 abs 94%  
H abs          5% 












Eff. = 77% 
 






Eff. = 75% 
 
SCH3 abs  90% 





Eff. = 100% 
 
electron abs        81%    
(20SCH3 abstraction)              
 
H+ Transfer         09%   




[a] abs. = abstraction, trans. = transfer, UI = unreactive isomer,secondary products are reported as 
(2º) in italics and are listed under the primary products that yield them. Eff.= efficiency.   [b] ] D-
Q splittings were calculated at the RHF-UCCSD(T)/cc-pVTZ//UBPW91/cc-pVDZ level of 
theory. [c] EAs were calculated at the RHF-UCCSD(T)/aug-cc-pVTZ//UB3LYP/cc-pVTZ level 







The reactions that occur by  nonradical mechanisms for 18 are abstraction of 
CHO from THF; this is due to the  possibility of forming ionized carbene resonance 
structure for 18. The unpaired electron in σ-orbital and the positive charge in the π-
system (Scheme 4.6) facilitate  nucleophilic addition of  THF to the π-system at the most 
electron deficient carbon22  (C4).  13 is more reactive than 14 and 18 towards all the 
reagents.  This may be due to the greater electron affinity of the monoradical 13 and also 
its ability to form a hydrogen bond in TS. 
Biradical 16  a decreased radical reactivity when compared to triradical 9 for all 
the reagents. Biradical 15 has lower radical reactivity than 9 for all the reagents except 
cyclohexane. The lower reactivity of 15 and 16  may be due to their large S-T gaps. The 
S-T gaps of 15 and 16 are  -32.5 and -20.0 kcal/mol, respectively  (BD(T)/cc-
pVDZ//UBPW91/cc-pVDZ).  17  does not exists in the radical form as it  be generated 
without  rearrangement to an azaenediyne 
Scheme 4.7 .  
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Table 4.2 Observed reactions, branching ratios for the primary products, and reaction 
efficiencies for reactions of  biradicals related to  9  with cyclohexane, tetrahydrofuran, 
allyl iodide and dimethyl disulfide in FT-ICR mass spectrometer 
 
N




15 16 17  9 



























Eff. = 2% 
 




Eff. = 0.03% 
 
NO REACTION  
 




Eff. = 0.15% 
 
H abs                    77%    
2xH+C4H5abs        15%    
2 x H abs                 8%     
   (2°) H abs 
 




CH2O abs 66% 
2 x H abs  31% 






Eff. = 33% 
 
 
H_ abs        36% 
CH2O abs   26%  
C2H4O abs  20% 
H2O  abs     14% 
2 x H abs       4% 
 
 
Eff. = 28% 
 








Eff. = 99% 
 
CH2O abs 40% 
H abs    29% 
  (2°) H abs 
m/z 110    10% 
H- Abs      10% 
CH4O abs   6% 
 
 
Eff. =  42% 
 
 
H+ trans39%       
C2H30 abs                  23%     
D+ trans12%        
H abs                          07%    
H-  Abs      07% 
CH20 abs                   05% 
C2H5 abs                   03% 





Allyl-H abs   85% 
HI abs            9%  





Eff.  = 31% 
 
Allyl abs    49% 
   (2°) I abs           
   (2°) Allyl abs     
I abs           42% 
   (2°) I abs           
   (2°) Allyl abs     


















Eff. = 18% 
 
Allyl abs                66% 
I abs                       18%    
   (2°) Allyl-H abs 
H+ trns                     9% 
CH2 abs                   7%  
 
 




SCH3 abs  46% 





Eff. = 84% 
 
SCH3 abs    73%  
   (2°) SCH3 abs    
SSCH3 abs  23% 
   (2°) SCH3 abs    
HSCH3 abs   4% 
 
 
Eff. = 47% 
 










electron abs        81%    
(20SCH3 abstraction)              
 
H+ Transfer         09%   




[a] abs. = abstraction, trans. = transfer, secondary products are reported as (2º) in italics and 
are listed under the primary products that yield them. Eff.= efficiency   [b] ] D-Q splittings were 
calculated at the RHF-UCCSD(T)/ccpVTZ//UBPW91/cc-pVDZ level of theory. [c] EAs were 




Biradical 16  abstracts two hydrogen atoms from cyclohexane, two  iodine atoms 
and an allyl group from allyl iodide,  and two SCH3 groups from  DMDS, which indicates 
the presence of  two radical sites.  16 also abstracts H2O, CH2O, C2H4O,  and two 
hydrogen atoms from THF. 15 behaves as an activated electrophilic alkyne and readily 
undergoes nonradical reactions with nucleophiles such as CH2O abstraction from THF 
(Table 4.2). These non radical reactions  do not require the uncoupling of the  radical 
sites in transition states, and therefore their efficiencies do not depend on the magnitude 
of the S-T  gap. 15 abstracts two hydrogen atoms from THF, as well as CH2O and C2H4s, 
and it reacts very slowly with cyclohexane by abstracting two hydrogen atoms. 
Triradical 9 transfers a proton to THF, allyl iodide and  DMDS, which suggests 
that it is  more acidic than 13, 14, 15, 16, 17,  and 18. This is supported by the PA 
calculated for the  conjugate base of 13,  14, 15, 16, 17, 18, and 9 (210.2, 216.5, 207.1, 
207.4, 206.4, 217.7, and 199.4 kcal/mol, respectively; UBLYP/aug-cc-
pVDZ//UBLYP/cc-pVDZ), respectively. The reactivity of 9 reveals the presence of  three 
radical sites as it abstracts three hydrogen atoms from cyclohexane.  9 abstracts an iodine 
atom, secondary allyl-H, and an allyl group from allyl iodide which suggests that it has 




















All the radical sites of 9 are not equally reactive. During the reaction of 9 with 
allyl iodide first  iodine atom abstraction takes  place at C2 position to generate 4,5-
didehydro-2-iodopyridinium cation followed by  secondary allyl-H abstraction by  the 
remaining ortho-benzyne moiety (Scheme 4.8). Abstraction of  allyl group from allyl 
iodide by 9 is a major  reaction (Scheme 4,9).The efficieny of the reaction of 4,5-
didehydro-2-iodopyridinium cation with allyl iodide  lies in between that of biradicals 16 
and 15. It reacts with higher efficiency than 16 and lower efficiency than 15. The reaction 
of  4,5-didehydro-2-iodopyridinium cation with allyl iodide  is abstraction of allyl-H 
group (table 4.2). Addition of iodine atom  to  15 does not influence  the reactivity of the 
biradical. 2-Iodo-4,5-didehydropyridinium cation abstracts two hydrogen atoms from 
cyclohexane confirming the presence of two radical sites . It abstracts exclusively allyl-H 
group from allyl iodide and  CH2O  from THF and hydrogen   atom followed by 
abstraction of a second hydrogen atom. Abstraction of an allyl-H group from allyl iodide 
and CH2O group from THF are examples of non radical reactions and their observation  




The TSEs determined for triradical 9 (Scheme 4.3) indicate that the ortho-
benzyne (C4-C5) interaction dominates for the triradical, while the meta-benzyne 
interaction (C2-C4) is relatively weak. Hence, the triradical is expected to undergo facile 
radical reactions, like mono  radical 13. The triradical 9 is calculated to have a doublet 
ground state (D-Q gap: -39.8 kcal/mol; BD(T)/cc-pVTZ//BPW91/cc-pVDZ), which 
might  explain the lower reactivity of 9 with cyclohexane when compared to related 
mono- and biradicals.  
 






















Monoradical 27 formed during the  first  SORI-CAD event  abstracts one 
hydrogen atom from cyclohexane, allyl iodide, and THF (Scheme 4.10). The efficiencies 
of the reaction of 27 with cyclohexane, allyliodide and THF are quite similar the 
efficiencies of  14 (Table 4.1). While the biradical28 formed after two SORI-CAD events  
abstracts two hydrogen atoms from cyclohexane and allyl-H group exclusively from allyl 
iodide. Abstraction of allyl-H group is  a major reaction for an ortho-benzyne (Table 
4.2).Based on the efficiencies of the  reactions of 28 with cyclohexane and allyl iodide, 





 The triradical 9 behaves as if it contains a  reactive  monoradical site like in 13  
and a much less reactive ortho-benzyne moiety  like that in 15. It behaves as a reactive 
monoradical due to the presence of the radical site next to the  nitrogen atom. The large 
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EA of 9 makes  electron  abstraction  the main  reaction with DMDS.  While the second 
major reaction is proton transfer due the similar proton affinity of the conjugate base of 9 
and DMDS ( 199.4  and 194.9 kcal/mol, respectively), The SCH3 group abstraction from 
DMDS is likely to occur at C2 position of the triradical 9.  Due to similar proton affinities 
of THF and the conjugate base of 9 (196.5 and 199.4 kcal/mol , respectively) there is a 
considerable amount of proton transfer from 9 to THF. Initial hydride abstraction by 9 
from  THF followed by a proton transfer from the ion of m/z 71 formed by the  hydride 
abstraction by 9 to THF to form ion of  m/z 73. Due to the high EA of 9 and high hydride 
affinity a very small amount of hydride abstraction. C2H3O abstraction from THF is 
likely to occur at C4. Nucleophilic attack of the oxygen atom in tetrahydrofuran at the 
most electron deficient  carbon atom in 9 (C4; which is due, in part, to an ionized 
carbene-type resonance structure that permits greater charge delocalization away from the 
nitrogen atom23). This step is expected to occur much faster for triradical 9 than for 
monoradical 18 because the presence of adjacent radical site in 9 increases the 
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   CHAPTER 5:                                                                                    
DEVELOPMENT OF A NOVEL ATMOSPHERIC PRESSURE CHEMICAL 
IONIZATION (APCI) METHOD USING PRIOR TREATMENT WITH PALLADIUM 
CHLORIDE FOR IDENTIFICATION OF LIGNIN DEGRADATION PRODUCTS 
CONTAINING THE 3-PHENYLALLYL ALCOHOL MOIETY 
               
5.1 Introduction 
Lignin is one of the most abundant natural aromatic polymers.1 It is considered as 
a potential source of chemicals and energy.2 Degradation of lignin by existing methods 
leads to  very complex mixtures. Consequently, analysis of lignin conversion products is 
a challenging task. However, this is necessary in order to rationally design methods to 
convert these mixtures to fuels or useful chemicals. Tandem mass spectrometry (MS/MS) 
is the only method that can quickly provide molecular level information on complex 
mixtures, such as lignin conversion products. 3,4 
The ideal mass spectrometric evaporation/ionization method for complex 
mixtures is expected to cause no fragmentation while producing abundant ions that can 
be used to extract molecular weight (MW) information and that contain the unchanged 
structure of the analyte molecules. Development of such methods for the analysis of 
lignin degradation products may be accomplished by studying lignin model compounds 
that contain functionalities expected to be in degraded lignin. Earlier characterization of 
hydrothermolytically degraded poplar by using GC-MS and HPLC and of milled spruce 
lignin samples pyrolysed and analyzed by using pyrolysis-GC-MS has suggested the 
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presence of molecules with the 3-phenylallyl alcohol moiety.5,6 Herein, I report a positive 
ion  atmospheric pressure chemical ionization (APCI) method combined with palladium 
chloride (PdCl2) treatment is reported for ionization and identification of compounds 
containing the 3-phenylallyl alcohol moiety in lignin degradation product mixtures. 
Linear quadrupole ion trap (LQIT) mass spectrometry was used in this research because 
of its ability to trap ions efficiently for long periods of time.  
 
5.2 Experimental Conditions 
 
5.2.1 Materials 
Isoeugenol, eugenol,  2-methoxy-4-propylphenol, guaiacol, guaiacyl propanol, 
methyl ester of stearic acid, cholestrol,  and 3-phenyl-2-propyn-1-ol, 2-octenol, Cinnamyl 
alcohol, 4-methoxycinnamyl alcohol, (E)-3-phenyl-but-2-en-1-ol, 2-methyl-3-
phenylprop-2-ene-1-ol, and (E)-2-methyl-4-phenylbut-3-ene-2-ol (all greater than 98% 
purity) were purchased from Sigma-Aldrich (St. Louis, MO). Guaiacylglycerol-β-
guaiacyl ether  (98% purity from TCI America; Portland, OR), sinapyl alcohol, coniferyl 
alcohol (98% purity),  and palladium(II)chloride were purchased from Alfa-Aesar (Ward 
Hill, MA). High performance liquid chromatography-mass spectrometry (HPLC/MS) 
grade water and methanol were purchased from Fisher Scientific (Pittsburgh, PA). All 





5.2.2 Sample Preparation 
1mM stock solutions of  model compounds were prepared in HPLC grade 50/50 
methanol/water. Each model compound solution was studied before and after treating it 
with various equivalents (from 1 up to 10) of PdCl2. Solid PdCl2 was added into 2 ml of 
each model compound  solution followed by sonication for various time intervals (from 1 




 All the experiments were performed using a ThermoScientific LTQ linear 
quadrupole ion trap (LQIT). The sample solution flow rate into the LQIT was maintained 
at 10 µL/min and this solution was T-infused with HPLC grade 50/50 methanol/water at 
100 µL/min flow rate before introduction into the APCI source positive mode. Typical 
APCI conditions were: positive ion detection, sheath gas (N2) flow, 20 (arbitrary units), 
auxiliary gas flow, 5 (arbitrary units), and capillary temperature, 275 °C. Voltages for the 
ion optics were optimized for each analyte by using the tune feature of the LTQ Tune 
Plus interface. In order to probe the mechanism of action of PdCl2, the structures of some 







5.3 Results and Discussion 
Palladium  has a strong affinity  for carbon-carbon double bonds. It is known to 
form π-complexes with carbon-carbon double bonds, which can lead to vinylic and 
allyllic C-H  bond activation  wherein the activated C-H bond becomes susceptible to 
nucleophilic addition reactions.7,8 The  strong affinity of  Pd to carbon-carbon double 
bonds inspired this examination of  the efficacy  of palladium salts as a dopant in APCI 
for the identification of lignin degradation products that contain carbon-carbon double 
bonds. Hence, the solutions of various model compounds (Figures 5.1 and 5.2) were 
sonicated with PdCl2 prior to introduction into the APCI source of a mass spectrometer.  
 
 





Figure 5.2 Model compounds without 3-phenylallyl alcohol moiety  
 
Solutions of some of the model compounds containing a double bond formed an 
orange-red color upon sonication with PdCl2. However, solutions of those model  
compounds that contain the 3-phenylallyl alcohol moiety developed a significant 
brownish  orange color along with the precipitation of black elemental palladium. The 
brown color was  also observed  for model compounds  containing carbon-carbon double 
bonds but no hydroxyl group on prolonged treatment with PdCl2 whereas no color change 
was observed  for model compounds  with no carbon-carbon double bonds, which 
indicates that carbon-carbon double bonds are required for the color change. The color 
change is likely an indication of  the formation of a π-palladium complex with the model 
compounds containing carbon-carbon double bonds in the sample solutions.9 The 
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sonicated sample solutions were filtered before  introducing  them into mass spectrometer 
The filtrate thus obtained was yellowish green in color.  
     Based on the results obtained  for the PdCl2 treated sample solutions, a reaction 
had taken place between PdCl2 and the analytes  containing carbon-carbon double bonds 
in solution. In order to  explore the influence of PdCl2 treatment on positive mode APCI, 
solutions of  model compounds 1 and 2, both containing the 3-phenylallyl alcohol 
moiety, were sonicated from 1up to 10 minutes with PdCl2 and APCI mass spectra were 
measured for the samples before and after this treatment. Before the treatment, only 
(M+H-H2O)+  ions were observed but after the treatment, both (M-H)+ ions and (M+H-






   
Figure 5.3 Positive mode APCI mass spectra  of a) coniferyl alcohol (1) (MW 180 Da), 
and b) coniferyl alcohol sonicated with PdCl2. 
 
  As the sonication time was increased in a stepwise manner from 1 up to 10 
minutes, an increase in the abundance of the (M-H)+ ion and a simultaneous decrease in 
the abundance of the (M+H-H2O)+   ion was observed. For samples sonicated for 10 
minutes, the (M-H) +  ion was exclusively observed in the mass spectra. In order  to test 
the  effect of a sonication time longer than 10 minutes, a solution of compound 2 was 
sonicated with PdCl2 for 20 minutes before analysis. The mass spectrum collected shows 
(M+H-H2O)+  and (M+H-H2O-CH2O)+  ions along with  the (M-H)+ ion (Figure 5.4), 
which indicates that the primary products formed upon treatment with PdCl2 in solution 
may have undergone secondary reactions on prolonged sonication. Based on these 
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observations, a sonication time of 10 minutes with PdCl2 was used to prepare samples for 
the additional mass spectral analysis discussed below. 
 
Figure 5.4 Positive mode APCI mass spectrum measured after treating compound 2 for 
20 minutes with PdCl2. 
 
In order to test the effect of the amount of PdCl2 on analysis, coniferyl alcohol solutions 
were treated with various equivalents of PdCl2. The sample solutions that were treated for 
10 minutes with less than 10 equivalents of  PdCl2 generated both (M-H)+ ions and 
(M+H-H2O)+ ions upon APCI.  Treatment of the sample solutions with 10 equivalents of 
PdCl2 for 10 minutes primarily produced (M-H)+ ions upon APCI. Hence, these 
conditions were used in the following experiments. 
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 The above results suggest that the observation of increasing amounts of (M-H)+ 
ions and decreasing amounts of (M+H-H2O)+  ions upon APCI when the sonication time 
of the two analytes containing the 3-phenylallyl alcohol functionality was increased is 
due to more complete oxidation of the allyl alcohol to the corresponding aldehyde. The 
aldehyde gets protonated upon APCI to produce an ion with m/z ratio equal to that of the 
(M-H)+ ions of the precursor allyl alcohol. On the other hand, when the allyl alcohol gets 
protonated upon APCI, it readily loses H2O to produce the (M+H-H2O)+  ions. This 
proposal is supported by literature as oxidation of an alcohol to the corresponding 
carbonyl compound by Pd(II) has been reported, leading to a black precipitate of 
Pd(0).10,12 
   In order to probe the above hypothesis, CAD of the (M-H)+ ion formed for 
compund 1 after PdCl2 treatment was compared to CAD of protonated authentic 4-
hydroxy-3-methoxycinnamaldehyde, the expected product aldehyde. The CAD spectra 
were found to be identical, which supports the proposal that the (M-H)+ ion is protonated 
4-hydroxy-3-methoxycinnamaldehyde.  
In order to figure out how general the above observation is, several additional 
model compounds were studied (Figures 5.1 and 5.2). All the model compounds 
containing the 3-phenylallyl alcohol moiety (1-6) generated abundant (M-H)+ ions upon 
APCI after treating the sample solutions with PdCl2 (Figure 5.5). Compounds 14 and 15 
(Figure 5.2) are structurally similar to compounds 1-6 except for the absence of the 
hydroxyl group on the alkyl chain. When 14 and 15 were not treated with PdCl2,  
predominant (M+H)+ ion (Figure 5.5) was observed in the mass spectrum upon APCI.  
When these compounds were treated with PdCl2, no (M-H)+ ions were observed, in 
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agreement with above suggestion that the hydroxyl group must be present in the analyte 
for the oxidation to take place in solution. (M-H+H2O)+ and  (M-H+CH3OH)+ ions were 
formed upon APCI for PdCl2 treated 14 and 15. The reason for this is currently unknown.  
Compounds 5 and 6, in which  one olefinic hydrogen was replaced by  a methyl group, 
yielded abundant (M-H)+ ions when using PdCl2 but required a longer  sonication time of 
20 minutes (Figure 5.6).  
 
 
Figure 5.5 Positive mode APCI mass spectra of a) isoeugenol (15) (MW 164 Da) and b) 





  Figure 5.6. Positive mode APCI mass spectrum of a) compound 5 sonicated for 10 
minutes with PdCl2, b) compound 5 sonicated for 20 minutes with PdCl2, c) compound 6 




   The mass spectra  measured with and without PdCl2 treatment for  compound 7, 
in which both allylic hydrogens have been replaced by methyl groups, are identical 
(Figure 5.3)  and show the exclusive formation of the (M+H-H2O)+  ions. This finding 
supports the above proposal that oxidation of the allyl alcohol moiety of these analytes 
occurs in solution upon sonication with Pd(II).  A possible mechanism for the oxidation 











Scheme 5.1. A possible mechanism for the oxidation of compounds containing the 3-
phenylallyl alcohol moiety 
         
 
 
Figure 5.7 Positive mode APCI mass spectra of (E)-2-methyl-4-phenylbut-3-en-2-ol (7) 
(a) before  and (b) after 10 minute sonication with 10 equivalents of PdCl2    





APCI while no ions were generated upon APCI after  treatment of the sample with PdCl2, 
which indicates that  compound 10 might have formed such products upon treatment with 
PdCl2 that didn’t get ionized upon APCI. Compound 11  (2-methoxy-4-propyl phenol) 
was studied to test the effects of elimination of the olefinic double bond and the hydroxy-
group on the alkyl chain. Upon APCI, this  compound  generated both (M+H)+ and (M-
H)+  ions  irrespective of  the treatment with PdCl2. (2M-H)+ ions were also generated 
upon APCI for this compound when it was treated with PdCl2 which indicates adduct 
formation between (M-H)+ and the neutral analyte. Upon APCI, compound 12 
(cholesterol) produces (M-H)+, (M-3H)+ and (M+H-H2O)+ ions independent of  PdCl2 
treatment. Compound 12 has a carbon-carbon double bond. The likely formation of a 
π/palladium complex between the carbon-carbon double bond and PdCl2 has been 
discuused earlier in this chapter. Hence, compound 12 was expected to react with PdCl2;  
however, the formation of identical products upon APCI irrespective of palladium 
treatment suggests that  steric hindrance near the carbon-carbon double bond may have 
prevented PdCl2 from interacting with the double bond. The formation of (M+H-H2O)+ 
ions upon APCI of compound 12 can be explained based on the presence of  a hydroxyl 
group which can undergo protonation followed by water loss. The mechanisms involved 
in the formation of (M-H)+ and (M-3H)+ ions upon APCI of compound 12   are not 
known.  Compound 13 (guaiacyl glycerol-β-guaiacyl ether) formed (M+H-2H2O)+, 
(M+H-H2O+CH2O)+, (M+H-H2O)+, (M+H-H2O)+, (M+H-2H2O-C7H8)+, (M+H-2H2O-
C7H8)+, (M+H-2H2O-HOC6H4OCH3)+ and (M+H-2H2O-C6H3OCH2CH2CHO)+   ions 




Compound 16  (guaiacol) doesn’t produce any signal with traditional APCI. 
However  minor (M+H-H2O)+ and (M+H-H2O+CH3OH)+ ions  were observed after 
treatment with PdCl2.The reasons for the formation of above ions are unkown. 
Compound 17 (3-phenyl-2-propyn-1-ol)  with a carbon-carbon triple bond  produced 
(M+CH3)+, (M+H)+,  (M+CH3-CH2O)+ and (M+H+CH3OH)+ ions upon traditional APCI. 
When treated with PdCl2,  (2M-H)+, (2M-H+CH3)+, (dimer-3H)+, (dimer-H + CH2O)+, 
(trimer-3H)+, and (dimer-H+CH3-CO)+ were observed upon APCI. Formation of these 
products is not understood at this time.  
Compound 8 (trans-2-octenol) was studied in order to assess the role of the 
benzene ring in the formation of (M-H)+ ions upon APCI after treating samples with 
PdCl2. This compound formed (M+H-H2O)+ ions upon APCI when not treated with 
PdCl2 and (M-H+CH3OH)+ ions  (Figure 5.8) upon APCI after being treated with PdCl2. 





     Figure 5.8. Positive mode APCI mass spectrum of trans-2-octenol (8) (MW 128 Da) 
(a) before and (b) after sonication with PdCl2 .                                                    
 
The feasibility of the above method  in identifying the 3-phenylallyl alcohol 
moiety in molecules in complex mixtures was assessed by studying a real degraded lignin 
sample provided by Dr. Joseph J. Bozell, University of Tennessee. The  APCI  mass  
spectra measured for this sample with and without PdCl2 were identical (Figure 5.8), 
which indicates the  absence of  any  major components with the 3-phenylallyl alcohol 
moiety in the sample. The degraded  lignin sample was spiked with a 100 µL of 1mM 





phenylallyl alcohol moiety) and mass spectra were collected  before and after treatment 
with PdCl2.  Upon APCI, compounds 1 and 4 produced (M+H-H2O)+ ions before  treating 
the mixture with PdCl2 while after treating with PdCl2, (M-H)+ ions were produced for 1 
and 4 (Figures 5.9, 5.10 and 5.11). These observations suggest that  the presence of 
degradation products containing the 3-phenylallyl alcohol  moiety at 1mM concentrations 
can be detected upon APCI by using PdCl2 pretreatment. 
 
 
Figure 5.9. Positive mode APCI mass spectra of a degraded lignin sample (a) without and 








Figure 5.10. Positive mode APCI mass spectra of a degraded lignin sample spiked with 







Figure. 5.11. Positive mode APCI mass spectrum of a degraded lignin sample spiked with 










Figure 5.12. Positive mode APCI mass spectrum for a degraded lignin sample spiked 










Sonication with PdCl2 was found to cause oxidation of compounds containing the 
3-phenylallyl alcohol moiety.  PdCl2 forms a π-complex with the model compounds 
containg carbon-carbon double bonds, followed by β-hydride abstraction by palladium 
and oxidation of the alcohol moiety.  Support for this mechanism is provided by the 
observation that model compounds containing carbon-carbon double bonds developed a 
significant yellowish green color along with deposition of  black precipitate upon 
sonication with PdCl2  The color signifies the formation of a π- complex6 and the black 
precipitate is due to reduction of  Pd(II) to Pd(0) during oxidation of the alcohol to the 
carbonyl moiety.7 Upon APCI, the oxidized  compounds produced an abundant 
protonated molecule with an m/z-value identical to that of (M-H)+ ions of the original 
allyl alcohol with no fragmentation.The model compounds containing  a carbon-carbon 
double bond but no hydroxy groups on the alkyl chain predominantly displayed (M-
H+H2O)+ ions upon APCI. These ions are formed by protonation of the allyl alcohol 
moiety followed by the loss of H2O. Compounds with methyl substitution on the olefinic 
double bond are not oxidized by PdCl2, in agreement with above discussion.To assess the 
viability  of PdCl2 pre-treatment combined with APCI mass spectrometric analysis for the 
detection of the 3-phenylallyl alcohol moiety in real degraded lignin mixtures, one such 
sample was tested.  The APCI mass spectra measured for the pre-treated and untreated 
mixture were found to be identical, which  suggested the absence of compounds with the 
3-phenylallyl alcohol moeity in the sample studied. When the degraded lignin sample 
was spiked by known amounts of coniferyl and sinapyl alcohols and exposed to the PdCl2 
treatment, APCI revealed formation of abundant (M-H)+ ions. Hence, detection of 
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compounds with the 3-phenylallyl alcohol moiety was possible in this mixture of lignin 
degradation products, which indicates that the lignin sample examined did not contain 
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The asphaltene fraction of crude oil contains the largest and most aromatic 
molecules of petroleum and is commonly used as tar-mats on roads.  Asphaltenes 
represent a constituent of crude oil that is insoluble in n-heptane but soluble in 
toluene.1,2Asphaltenes’ negative impact on pollution (due to their high sulfur content), 
fouling of catalysts, formation of deposits during production and processing of crude oil, 
corrosion,and formation of emulsions  make asphaltenes problematic for the refining 
industry and society at large.3-6Asphaltenes are of growing importance in the oil industry 
due to the depletion of light crude oil reserves, leading to a shift towards heavier reserves 
that are rich with asphlatenes.4,5,6. Asphaltenes are generally thought to contain one or 
more aromatic cores with alkyl chains attached to them. Analysis of volatile pyrolysis 
products of asphaltenes has suggested that a considerable fraction of the aromatic cores 
are made up of small aromatic systems (1-5 fused benzene rings) while the lengths of the 
aliphatic chains attached to the aromatic cores range in size up to 40 carbon atoms.7 In 
order to test this proposal, we have synthesized asphaltenes’ model compounds 
containing alkyl side chains of varying lengths attached to aromatic cores with varying 
sizes. The fragmentation behavior of ions derived from these model compounds was 
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studied by collision-activated dissociation (CAD) and compared to fragmentation 
reactions of ions derived from asphaltenes. These studies yielded information about the 
influence of the aromatic core size and alkyl side chain length on the fragmentation 
behavior of molecular ions of molecules related to asphaltenes. 
 
6.2   Experimental 
The asphaltene model compounds were synthesized using known literature 
procedures. The model compounds were dissolved in carbon disulfide. Carbon disulfide 
(>99.9%) was purchased from Sigma Aldrich (St.Louis, MO) and used without 
purification.Tandem mass spectrometry experiments were performed using a Finnigan 
LTQ linear quadrupole ion trap (LQIT) mass spectrometer. Asphaltene model 
compounds were dissolvedin CS2and introduced into the APCI source via direct infusion 
at 30 μL  per minute from a Hamilton 500 μL syringe by using the instrument’s 
integrated syringe pump. Molecular ions were generated and selected ions with m/z 
values of 50 - 750 were isolated with an isolation width of two m/z-units and subjected to 
CAD. The collision energy for CAD was controlled via the instrument’s software and it 
was varied from 35 up to 50 (arbitrary units) to vary the extent of fragmentation. 
Geometries and zero-point energies for the bond dissociation energies of 9-
ethylanthracene and ethylbenzene were calculated by James Riedeman at the B3LYP/6-
31G(d,p) level of theory  using the Gaussian 09 suite of programs.8Frequency 
calculations were performed to verify stationary points as minima. Bond dissociation 
energies were calculated as the difference  between the energy of the dissociated and 
undissociated molecular ion 
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   MCHCHMBDE EEEH )( 33 ][                                    Eq. 6.1 
whereM = ethylbenzene or 9-ethylanthracene. 
 
6.3 Results and Discussion 
A total of eight asphaltene model compounds containing  alkyl side chains of varying 
lengths and  aromatic cores with different sizes (Figure 6.1) were synthesized using 
modified literature methods9 and studied via  APCI/CAD tandem mass spectrometry. The 
model compounds 1-8 were ionized using positive mode APCI with CS2 dopant to 
generate stable molecular ions that were subjected to CAD. MS2 studies were carried out 
























Table 6.1 MS2spectraa,b measured for asphaltene model compounds ionized by (+) 
APCI/CS2 and subjected to CAD 
 
Analyte( MW)     MS(m/z)    MS2CAD fragments 
(m/z) 




162 [M ]  147  [05%] 
 134  [06%] 
 133  [32%] 
120   [05%] 
119   [11%] 
105   [11%] 




246 [M ] 231  [13%] 
217  [02%] 
203  [02%] 
189  [02%] 
175  [11%] 
161  [03%] 
148  [09%] 
133  [19%] 
119  [02%] 
  92   [12%] 




212 [M ] 183 [16%] 
142 [84%] 
296 [M ] 263  [29%] 
183  [18%] 
142  [53%] 
 
262 [M ] 191   [94%] 











Table 6.1, continued. 
 
Analyte( MW)     MS(m/z)    MS2CAD fragments 
(m/z) 
            [branching ratio] 
9-dodecylanthracene (6)
346 [M ] 191  [92%] 
178  [08%] 
1-hexylpyrene (7)  




370 [M ] 215  [100%] 
 
Collision energy: a 20(arbitrary units), bActivationq = 0.5, cbranching ratios only include 










6.3.1 Hexylbenzene (1) and Dodecylbenzene (2) 
 
 
Figure 6.2  CAD mass spectrum of the molecular ion of hexylbenzene(1) 
 
Molecular ion of hexylbenze (1) showspredominantly five major losses, C2H5, C3H7, 
C4H9, C5H11 and CH3 loss. Ethyl loss and formation of anion of m/z 92 are dominant due 
to the involment of a  favorable 6-membered transition state in their formation. Formation 
of the ion of m/z 92 (C7H8+●) is explained by McLafferty rearrangement of the 





Scheme 6.1 Formation of ion of m/z 92.  
 
 
Figure 6.3 CAD mass spectrum of the molecular ion of dodecylbenzene(2) 
 
Molecular ion of dodecylbenzene (2) shows the cleavage of methyl, ethyl, propyl, 
butyl, pentyl, hexyl, heptyl,octyl,nonyl and decyl groups. It also shows predominant 
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formation of radical cations of m/z 92 and 148. The formation of the ion of m/z 92 likely 
occurs as shown in Scheme 6.2. 
 
 











6.3.2 Hexylnaphthalene (3) and Dodecylnaphthalene (4) 
 
 
Figure 6.4 CAD mass spectrum of the molecular ion of hexylnaphthalene (3) 
 
CAD of the molecular ion of hexylnaphthalene (3) undergoes predominantly two 
cleavages. One of them leads to the loss of an ethyl group (fragment ion of m/z 183). The 
major fragmentation leads to formation of a radical cation of m/z 142 (Figure 6.3) via 









Figure 6.5CAD mass spectrum of molecular ion of dodecylnaphthalene (4) 
 
CAD of themolecular ion of dodecylnaphthalene 4 results in cleavage of an octyl 
group to yield an ion of m/z 183 and a benzylic cleavage to yield an ion of m/z 142, just 
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like the molecular ion of 3. Formation of the ion of m/z 142 can be explained as shown in 
Scheme 6.3.The mechanism of formation of the ion of m/z 263 is unknown. 
 
6.3.3  9-Hexylanthracene(5)and9-Dodecylanthracene (6) 
 
 
Figure 6.6 CAD mass spectrum of the molecular ion of 9-hexylanthracene (5)  
 
 Molecular ion of 9-hexylanthracene (5) shows a predominantα-cleavageinvolving 
the loss of a pentyl group.It also forms an ion of m/z 178 via the cleavage of a hexyl 




Figure 6.7 CAD mass spectrum of the molecular ion of 9-dodecylanthracene (6) 
 
CAD mass spectrum of themolecular ion of dodecylanthracene (6) reveals the 










Figure 6.8 CAD mass spectrum of the molecular ion hexylpyrene (7) 
 
6.3.4 Hexylpyrene (7) and Dodecylpyrene (8)  
Upon CAD, themolecular ion of hexylpyrene (7)exclusively shows a benzylic 



















Figure 6.10 Comparison of theCAD massspectra of themolecular ions of (a) 








Figure 6.11  Comparison of theCAD massspectra of themolecular ions of  




Comparative CAD studies of  themolecular ions of hexyl group containing aromatic 
compounds (Figure 6.10) and dodecyl group containing aromatic compounds (Figure 
6.11) reveals that as the aromatic core size increases the extent of α-cleavages increases. 
This is likelydue to the more extensive delocalization of the π-electrons in the 
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largeraromaticring system.Aromatic systems with hexyl or dodecyl side chains appear to 
have decreased fragmentation barriers The fragmentation pathways were found to be 
similar for both dodecyl and otheralkyl side chain containing aromatic systems. Once the 
dodecyl side chain losses a hexyl group, it behaves as hexyl aromatic  (Figures 
6.10,and6.11). 
 
6.3.5 Bond Dissociation Energies for Ethylbenzene and 9-Ethylanthracene 
 
 
Figure 6.12 Calculated enthalpies for benzylic cleavages in the molecular ions of 9-




In order to investigate above fragmentations further, the enthalpies for benzylic 
cleavages in the molecular ions ofethylbenzene and 9-ethylanthracene were calculated at 
the B3LYP/6-31G(d,p) level of theory (Figure 6.9). Bond dissociation energies for the 
benzylic C—C bonds would be expected to be lower for the larger ring systems ifsince 
the McLafferty rearrangement is not a favorable pathway for these ions. However, the 






ethylanthracene was found to be 11 kcal mol-1 higher than for the molecular ion 
ofethylbenzene. A plausible explanation for this behavior is that the extent of 
delocalization experienced by the unpaired electron  is greater for the larger ring systems. 
This makes the McLafferty rearrangement a less likely pathway for anthracene when 
compared to smaller ring systems such as benzene 
 
6.4 Conclusions 
Ionized hexylpyrene7 and dodecylpyrene 8 exclusively undergobenzylic bond 
cleavages whereas ionizeds9-hexylanthracene 5 and 9-dodecylanthracene 
6undergoalsoadditional fragmentations. Ionized hexylnaphthalene3 and 
dodecylnaphthalene4 also undergo benzylic bond cleavages but the extent of this 
cleavage is decreased and they also form otherfragment ionsas well. Molecular ions of 
hexylbenzene1 and dodecylbenzene2 undergo intramolecular reaction with the aromatic 
core to produce odd electron fragment ions. As the core size increases from benzene to 
pyrene, the extent of the α-cleavage  increases.  The possible reason for this is that the 
radical and charge sites are much more delocalized in a pyrene than  in benzene system. 
The presence of different alkyl side chainsin the aromatic ringsystem does not affect the 
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Introduction
Didehydroarenes and their derivatives are reaction inter-
mediates that have been known for more than 60 years.[1]
Two decades of studies have identified the crucial role of di-
dehydroarenes in the biological action of certain antitumor
antibiotics, which has led to a renewed interest in the prop-
erties of these aromatic carbon-centered s,s-biradicals.[2]
However, condensed-phase studies of organic biradicals are
challenging due to the difficulty in generating them cleanly
in solution. In fact, condensed-phase studies have led to an
in-depth understanding of the chemical behavior of only
one of the didehydroarenes, 1,2-didehydrobenzene (ortho-
benzyne) and its derivatives.[1] Many of the issues that com-
plicate the studies of highly reactive species in condensed
phases are less problematic in the gas phase. One way to
study reaction intermediates in the gas phase involves the
well-known distonic ion approach[3] wherein a chemically
inert charged group is attached to the reactive intermediate
of interest so that it can be manipulated in a mass spectrom-
eter. Previous studies carried out by using this approach
have demonstrated that the reactivity of charged 1,2-didehy-
droarenes in the gas phase is analogous to that reported for
their neutral analogs in solution.[4] A comparison of the re-
activity[3a,b,5] of charged 1,2-didehydroarenes to that of 1,3-
didehydroarenes in the gas phase has revealed drastic differ-
ences that partially reflect the differences in their singlet–
triplet gaps (DEST). The magnitude of DEST for singlet birad-
icals is thought to affect their ability to undergo radical reac-
tions due to the requirement for partial uncoupling of the
biradical electrons in the transition state.[6] Consequently,
a higher DEST is expected to lead to higher barriers and
slower radical reactions. Indeed, 1,2-didehydroarenes (with
large DEST) have been found to react like activated alkynes
and rapidly undergo nucleophilic or electrophilic addition
reactions rather than radical reactions.[4,5b] However, gas-
eous 1,3-didehydroarenes (often with just slightly lower
DEST than 1,2-didehydroarenes) have been demonstrated to
undergo both radical and nonradical reactions, depending
on their dehydrocarbon atom separation.[5a] A greater dehy-
drocarbon atom separation facilitates radical reactions for
1,3-didehydroarenes. Didehydroarenes with more than one
heavy atom between the dehydrocarbon atoms (and lower
DEST), such as the 4,6-didehydroisoquinolinium cation, have
been demonstrated to react exclusively via radical mecha-
nisms.[7]
The 1,8-didehydronaphthalene (1) has been a focus of at-
tention for some time. Based on the computational studies
of Squires and Cramer,[8] the 1,8-isomer is an especially in-
teresting 1,3-didehydroarene since the lowest lying singlet
and triplet states are calculated to be nearly degenerate
(DEST=0.9 kcalmol1) due to the parallel orientation of
the formally singly occupied nonbonding molecular orbitals.
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This didehydroarene represents a rare case wherein the cou-
pling between the biradical electrons is very weak even
though the radical sites are spatially close. These character-
istics should result in interesting chemical properties. Previ-
ous experimental work on this biradical in solution by Rees
and Storr[9] revealed that it abstracts two hydrogen atoms
from cyclohexane and undergoes 1,2-addition to benzene
and to olefins. Later, Nakayama et al.[10] examined the reac-
tion of 1 with carbon disulfide (Scheme 1) since aryl radicals
were known to add to this reagent.[11] Indeed, 1 was found
to add to a sulfur atom to yield several products. Two of
these products, the naphtho ACHTUNGTRENNUNG[1,8-bc]thiete (3) and the
naphthoACHTUNGTRENNUNG[1,8-bc]thiophen-2-thione (4), provided evidence for
the formation of a 1,5-biradical intermediate (2).
Following this work, de Luca et al.[12] examined the reac-
tion of 1 with diphenyl disulfide (Scheme 2) and identified
benzo[kl]thioxanthene (6), 1-naphthylphenylsulfide (7) and
naphthoACHTUNGTRENNUNG[1, 8-bc]thiete (3) as the final products. All these
products were thought to be formed via a radical intermedi-
ate (5) produced by the attack of 1 on the sulfur atom of the
diphenyl disulfide.
Herein, we report a kinetic reactivity study on a positively
charged analog of 1,8-didehydronaphthalene, the 4,5-dide-
hydroisoquinolinium cation (8) (Figure 1). Its reactivity is
compared to that of two related monoradicals (4-dehydroi-
soquinolinium cation[7] 9 and 5-dehydroisoquinolinium
cation[7] 10) (Figure 1) and two isomeric biradicals, the unre-
ported 1-isoquinolyl cation 11 and the previously reported
4,6-didehydroisoquinolinium cation[7] 12 (Table 1, Figure 1).
The 4,5-didehydroisoquinolinium cation (8) is calculated to
have nearly degenerate low-lying singlet and triplet states
(DEST=0.6 kcalmol1).
Results and Discussion
The five positively charged radicals (8–12) studied in the gas
phase in an FT-ICR mass spectrometer are shown in
Figure 1. Their reactivity toward four reagents was investi-
gated. The biradical of interest, 8, was found to yield similar
product ions as the two related monoradicals (9 and 10 in
Table 1), but also many additional product ions not observed
for these monoradicals. The latter products represent a com-
bination of most of the product ions observed for biradicals
11 and 12, in addition to some novel product ions. This find-
ing was unexpected due to the structural differences be-
tween these three biradicals and the drastically different re-
activities of 11 (a 1,2-didehydroarene with a large DEST of
29.0 kcalmol1 calculated[13] at the RHF-UCCSD(T)/cc-
pVTZ//UBPW91/cc-pVDZ level of theory) and 12 (a 1,4-di-
dehydroarene with a small calculated DEST; 0.7 kcal
mol1).
Both monoradicals 9 and 10 react predominantly by ab-
straction of a hydrogen atom from tetrahydrofuran (THF),
an iodine atom from allyl iodide (AI), a SCH3 group from
dimethyl disulfide (DMDS), and CN and HCN groups from
tert-butyl isocyanide (tBuNC), as expected[3a,5b] (Table 1).
Monoradical 9 is more reactive than monoradical 10. This
can be explained by its higher electrophilicity,[14] which can
be quantified by using the calculated vertical electron affini-
ty (EA; the energy released upon attachment of an electron
to a radical site). The vertical EAs of 9 and 10 are calculat-
ed to be 5.72 eV and 5.04 eV, respectively.[14a,15]
Biradical 12, which has two carbon atoms between the
radical sites, yields reaction products analogous to those ob-
tained for the related monoradical 9 and the unrelated
mono ACHTUNGTRENNUNGradical 10. For example, 12 reacts by the abstraction of
one (or two) hydrogen atoms from THF, two SCH3 groups
from DMDS, two CN groups from tBuNC, and two iodine
atoms from AI. These reactions indicate that 12 reacts via
typical radical pathways. However, the addition of a second
radical site to monoradical 9 to generate biradical 12 results
in a decrease in the reactivity, in spite of an increase in the
EA. Biradical 12 likely reacts from both the singlet ground
Scheme 1. Reaction of biradical 1 with carbon disulfide.
Scheme 2. Reaction of biradical 1 with diphenyl disulfide.
Figure 1. The dehydro- and didehydroisoquinolinium cations studied.
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state and the lowest-energy triplet state. The interaction
(albeit weak) between the two biradical electrons in the sin-
glet state of 12 may explain the reduced reactivity compared
to 9. However, 12 reacts at higher efficiencies than mono-
radical 10, likely due to its much higher EA (5.99 eV;
Table 1) than that of 10 (5.04 eV).[14,15]
Biradical 12, with a calculated DEST of 0.8 kcalmol1
(Table 1), is an excellent biradical to compare with 8 (calcu-
lated[14,15] EA 5.93 eV and DEST of 0.6 kcalmol1) due to
their similar EA and DEST, and because 12 is thought to
react entirely via radical pathways.[7] Most of the reactions
of 12 were observed for 8 (e.g., two consecutive hydrogen
atom abstractions from THF, two consecutive iodine atom
abstractions from AI, two consecutive SCH3 group abstrac-
tions from DMDS, and two consecutive CN group abstrac-
tions from tBuNC), thus indicating that 8 also reacts via rad-
ical mechanisms. However, a number of reactions were ob-
served for 8 that were not observed for 12 (e.g., CH2O ab-
straction from THF, H2C=C=CH2 abstraction from AI, and
SCH2 abstraction from DMDS), suggesting that the close
proximity of the two radical sites in 8 makes alternative re-
action pathways possible. In spite of these additional reac-
tion pathways, the reaction efficiencies of 8 and 12 are gen-
erally similar. This finding suggests, as discussed above for
12, that 8 reacts from both the singlet ground state and the
lowest-energy triplet state. To better understand the effects
of two radical sites in close proximity, the reactivity of birad-
ical 11 was examined.
Biradical 11, where the radical sites are on adjacent
carbon and nitrogen atoms, reacts faster than biradicals 8
and 12 with almost all the reagents studied (Table 1), and its
reaction products differ drastically from those observed for
12. This is likely due to the large DEST for 11 (Table 1). The
strong through-space interaction between the formally un-
Table 1. Reaction efficiencies[a] and product branching ratios[b] for reactions of radicals 8–12 with various reagents.








EA[d]=5.72 eV Efficiency=39% Efficiency=71% Efficiency=73% Efficiency=84%































































































Efficiency=88% Efficiency=60%[j] Efficiency=54%[k] Efficiency[l]=106%
[a] Reaction efficiencies are reported as kreaction/kcollision100. [b] Primary products branching ratios; secondary products are noted as (28) and are listed
under the primary products that produce them. [c] abs=abstraction. [d] Calculated vertical electron affinities (EA) for 8, 9, 10, and 12 from reference
[14]. [e] DEST calculated at the CASPT2/cc-pVDZ//MCSCF ACHTUNGTRENNUNG(12,12)//cc-pVDZ level of theory; reference [14b]. Note that a negative value means that the
singlet state lies energetically below the triplet state. [f] From non-linear curve fit (least squares non-linear fit of the pseudo-first-order plot), 25% of the
reactant ion population is unreactive. [g] Same as [f] but 47%. [h] Same as [f] but 43%. [i] Same as [f] but 13%. [j] Same as [f] but 6%. [k] Same as [f]
but 9%. [l] The absolute values of the measured efficiencies are estimated to be accurate only within 50%, but the precision is much better (10%).
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paired electrons on adjacent carbon and nitrogen atoms in
11 prevents radical reactions.[4b,6] Instead, 11 behaves like an
activated electrophilic alkyne and readily undergoes nonrad-
ical addition reactions, as observed in previous studies.[16]
The main reactions of 11 with THF (CH2O abstraction
(49%) and H2O abstraction (36%)), AI (addition (72%)),
DMDS (HSCH3 abstraction (92%)), and tBuNC (HCN ab-
straction (90%)), are thought to occur via nonradical mech-
anisms and hence do not require uncoupling of the biradical
electrons in the transition state.[16] Therefore, they are not
expected to be dependent on the magnitude of DEST.
Comparison of the reactivity of biradical 8 to that of bi-
ACHTUNGTRENNUNGradicals 11 and 12 and monoradicals 9 and 10 reveals that
almost all the product ions formed for 8, but not for 9, 10,
or 12, are also formed for biradical 11. The dominant ab-
straction of HCN from tBuNC, as well as the abstraction of
CH2O from THF, SCH2 and HSCH3 from DMDS, and
H2C=C=CH2 from AI, were observed for both 8 and 11 but
not for 9, 10, or 12 (Table 1). Although 8 most likely only
undergoes radical reactions, as opposed to 11 which does
not, the close proximity of the two radical centers in both 8
and 11 is likely the reason for the coincidental formation of
similar products (albeit via different mechanisms). The two
radical sites of 8, due to their proximity, can undergo multi-
ple radical reactions with a reagent molecule before the col-
lision complex of the reaction products dissociates. An ex-
ample is the HSCH3 abstraction by 8 (and 11) from DMDS,
which can occur by at least two different mechanisms
(Scheme 3), radical and nonradical. The nonradical mecha-
nism probably involves nucleophilic addition of DMDS to
the most electron-deficient carbon atom in 11, which is
likely followed by proton transfer and elimination of CH2S
(Scheme 3). On the other hand, biradical 8 most likely ab-
stracts a CH3S group from DMDS (via the same mechanism
as monoradicals), which is followed by hydrogen atom ab-
straction from the departing CH3S radical by the second
radical site, leading to elimination of CH2S.
Similar behavior is expected for CH2O abstraction by 8
and 11 from THF (Scheme 4). Support for the mechanism
proposed for 8 was obtained by isolating the CH2O abstrac-
tion product (m/z 158) and subjecting it to collisionally-acti-
vated dissociation (CAD). It was found to yield a major
fragment ion (m/z 130) by loss of CO. Protonated isoquino-
line-5-carboxaldehyde (m/z 158) also yields a major frag-
ment ion of m/z 130. On the other hand, the product ion
formed from 11 loses CH2O upon CAD.
Further insights into the reactivity of 8 were obtained
from the observation that it abstracts two hydrogen atoms
simultaneously or nearly simultaneously from a single THF
molecule. This reactivity was not observed for either 12,
which abstracts two hydrogen atoms in a consecutive
manner and from two different THF molecules (as a primary
and a secondary reaction; Table 1), or 11, which does not
abstract hydrogen atoms. These results suggest that the ab-
straction of the two hydrogen atoms by 8 from one THF
molecule occurs via a radical mechanism and is facilitated
by the closeness of the two radical sites.
Computational studies were performed to examine the
enthalpy changes for the reactions of 9, 10, and 8 with THF
(calculated at the UMPW1K/6-31+G ACHTUNGTRENNUNG(d,p)//UMPW1K/6-
31+G ACHTUNGTRENNUNG(d,p) level of theory). The results indicate that the ab-
straction of a hydrogen atom from the a-carbon of THF is
slightly more exothermic for 9 than for 10 (25.2 kcalmol1
and 23.1 kcalmol-1, respectively), as expected. Hydrogen
atom abstraction from THF by the C4 radical site in 8 is
thermodynamically more favorable by about 2 kcalmol1
than by the C5 radical site (Scheme 5). The abstraction of
two hydrogen atoms from a single THF molecule is calculat-
Scheme 3. Proposed mechanisms for the abstraction of HSCH3 by 11 and
8. Brackets indicate a reaction within an intermediate collision complex.
Scheme 4. Proposed mechanisms for the abstraction of CH2O by 11 and
8. Brackets indicate a reaction within an intermediate collision complex.
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ed to be highly favorable (Scheme 5), consistent with the ex-
perimental result that the abstraction of two hydrogen
atoms from one THF molecule is the predominant reaction.
Transition-state calculations (at the UMPW1K/6-31+G-
ACHTUNGTRENNUNG(d,p)//UMPW1K/6-31G+ (d,p) level of theory) carried out
for 8 failed to locate a transition state for a concerted
double hydrogen atom abstraction. Although this is not con-
clusive, we propose a stepwise (Scheme 6) rather than a con-
certed mechanism for this reaction. Instead, transition states
were found for hydrogen atom abstraction by the C4 radical
site (Figure 2) and by the C5 radical site (not shown) in 8.
The activation enthalpies were calculated to be 7.0 kcal
mol1 and 4.0 kcalmol1, respectively (for the a-carbon of
THF). These results suggest that abstraction of the first hy-
drogen atom by the C4 radical site is not only thermody-
namically but also kinetically more favorable than by the
C5 radical site. The activation enthalpy for hydrogen atom
abstraction from THF by monoradical 9 (6.3 kcalmol1)
was found to be lower by about 3 kcalmol1 than that for 10
(3.2 kcalmol1), a result that is in agreement with the ob-
served relative reaction efficiencies of these monoradicals,
and explained by the higher EA of 9.
In contrast, the activation enthalpies calculated for biradi-
cal 8 (7.0 kcalmol1) and the more reactive monoradical 9
(6.3 kcalmol1) are not in agreement with the substantially
lower hydrogen atom abstraction efficiency (4%) of the bi-
ACHTUNGTRENNUNGradical from THF. However, the many competing reaction
pathways for the biradical prevent a direct comparison of
hydrogen atom abstraction efficiencies in this case.
To gain additional insight into the hydrogen atom abstrac-
tion reactions of 8, another hydrogen atom donor, cyclohex-
ane, was examined. In a previous study,[16] mono- and biradi-
cals were found to react with cyclohexane solely by one
and/or two hydrogen atom abstractions. Biradical 8 reacts
with cyclohexane by addition (19%), and by one (35%) as
well as two (46%) hydrogen atom abstractions (Scheme 7;
reaction efficiency=18%). To determine the site of the first
(and hence also second) hydrogen atom abstraction, the
product of this reaction was isolated and allowed to react
with cyclohexane (Scheme 7) to determine the efficiency of
the second hydrogen atom abstraction, which was measured
to be 2%. This efficiency is comparable to the efficiency of
hydrogen atom abstraction by monoradical 10 (3%) and
quite different from that of monoradical 9 (18%;
Scheme 7). This result demonstrates that the second hydro-
Scheme 5. Calculated enthalpies for reaction of 8 with THF.
Scheme 6. Proposed mechanism for the nearly simultaneous abstraction
of two hydrogen atoms from THF by 8. Brackets indicate a reaction
within an intermediate collision complex.
Figure 2. Transition state calculated for hydrogen atom abstraction from
THF by the C4 radical site in 8.
Scheme 7. Reactivity of monoradicals 9 and 10 and biradical 8 toward cy-
clohexane.
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gen atom is abstracted by the radical site at C5 after abstrac-
tion of the first hydrogen atom by the radical site at C4 of 8
(in agreement with the transition-state calculations discussed
above). Hence, the reactions of 8 with THF, DMDS, and AI
are also likely initiated by atom or group abstraction by the
radical site at C4.
The CN group differs from the above groups in being
highly electron withdrawing. Thus, CN abstraction from
tBuNC may take place at C5 in 8, which is less electron defi-
cient than C4. However, based on the observation that
mono ACHTUNGTRENNUNGradical 9 reacts more efficiently with this reagent than
10, it is concluded that the first CN abstraction likely occurs
at radical site C4 in 8 (Table 1).
Conclusion
Examination of the gas-phase reactions of biradical 8 with
THF, AI, DMDS, and tBuNC indicates that this biradical
reacts solely by radical pathways, and that the products
formed in these reactions are similar to those of related
monoradicals 9 and 10 and biradical 12. The abstraction of
two hydrogen atoms from a single THF molecule is calculat-
ed to be quite favorable, consistent with the experimental
results. The experimental and theoretical studies indicate
that the first bond formation occurs at C4, followed by C5.
The proximity of the two radical sites in 8 also leads to radi-
cal reactions that were not observed for the monoradicals 9
and 10 or biradical 12. Reactions similar to those observed
for 8 were also observed for 11 although the reactions of 11
involve nonradical mechanisms.
Experimental Section
All experiments were carried out in a Finnigan FTMS 2001 dual-cell FT-
ICR mass spectrometer. The mono- and biradicals 8–12 (Table 1) were
generated by using previously reported methods.[5b,17] The ionized precur-
sors were then transferred from one cell into the other, followed by sus-
tained off-resonance irradiated collision-activated dissociation[18] (SORI-
CAD) to homolytically cleave CI and/or CNO2 bonds of the protonat-
ed precursors (for an example, see Scheme 8). The (bi)radicals 8–12 were
isolated and allowed to react with tetrahydrofuran (THF), allyl iodide
(AI), dimethyl disulfide (DMDS) and tert-butyl isocyanide (tBuNC) for
varying periods of time. The second-order reaction rate constants (kexp)
and reaction efficiencies (kreaction/kcoll) were determined as described in
the literature.[3b,19] The absolute values are estimated to be accurate only
within 50%, but the relative values are much more accurate (10%).
The product branching ratios were determined by dividing the abundance
of each primary reaction product ion by the sum of all primary reaction
product abundances. Isoquinoline-5-carboxaldehyde and the precursor
for monoradical 10, 5-nitroisoquinoline, were purchased from Sigma–Al-
drich and used without further purification. The precursor for monoradi-
cal 9, 4-iodoisoquinoline, was synthesized by a known method.[20] The
precursor for biradical 8, 4-iodo-5-nitroisoquinoline, was synthesized for
the first time by using the reaction conditions described by Grubbs
et al.[21] for 4-iodoisoquinoline. The structure was verified by x-ray crys-
tallography. The precursors for biradical 12, 4,6-dinitroisoquinoline,[22]
and biradical 11, 1-iodoisoquinoline,[23] were synthesized by known meth-
ods.
Molecular orbital calculations were carried out with the Gaussian 03[24]
and Molpro[25] electronic structure program suites.
Supporting Information : (1) Cartesian coordinates, electronic and zero-
point vibrational energies, 298 K thermal contributions and derived en-
thalpies. (2) Synthesis procedure for 4-iodo-5-nitroisoquinoline and its X-
ray structure. (3) Full references [24] and [25].
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a b s t r a c t
In the search for alternatives to fossil fuel and the valuable chemicals now derived from crude oil, ligno-
cellulosic biomass has attracted wide interest. Degradation of the cellulose and lignin components of the
biomass results in complex mixtures. Hence, the ability to identify the products of processed cellulose
and lignin is important. Unfortunately, mass spectrometric analysis of processed lignin (and the lignome
in general) is hindered by poor ion generation and/or extensive fragmentation upon ionization. After
examination of several different ionization approaches, we demonstrate here that ionization of model
compounds of lignin degradation products and lignome by using positive ion mode electrospray ioniza-
tion (ESI) doped with sodium chloride results in the formation of abundant adduct ions, [M + Na]+, with
no accompanying fragmentation. Hence, this approach allows for the determination of the molecular
weights of lignin degradation products (and lignome) directly in mixtures. However, no structural infor-
mation can be obtained by examining collision-activated dissociation of the sodiated molecules. Hence, a
different ionization method was identified. Doping negative ion mode ESI with hydroxide ions (from
NaOH) yields only one type of an ion per analyte, the deprotonated analyte, without fragmentation. Valu-
able structural information can be obtained for these anions by subjecting them to multiple consecutive
ion isolation and collision-activated dissociation (CAD) steps (up to MS7). This methodology significantly
improves the information that can be obtained by mass spectrometric analysis for lignin degradation
products and lignome.
 2011 Elsevier Ltd. All rights reserved.
1. Introduction
The development of methods for the conversion of biomass to
biofuels and other high-value organic molecules is becoming
increasingly important in the efforts for finding renewable alterna-
tives to fossil fuels [1–7]. Lignin is an important component of lig-
nocellulosic biomass. It is a biopolymer consisting of aromatic
rings with various oxygen functionalities, and hence could provide
a means of obtaining aromatic materials currently derived solely
from petroleum [4,6–9]. Indeed, various degradation methods are
being explored to convert lignin into smaller molecules, and cata-
lytic pathways are developed to remove excess oxygen from these
molecules in order to increase their energy density and synthetic
value [6–11]. However, the biggest challenge right now is the
structural elucidation of these molecules.
Tandem mass spectrometry (MSn) is the only analytical method
that can be used for the molecular-level characterization of un-
known components of complex mixtures without time-consuming
isolation and purification [12–14]. However, the situation is com-
plicated by the fact that different mixtures may require different
tandem mass spectrometric approaches since all currently used
evaporation, ionization and structural elucidation methods have
limitations. Hence, any new type of a mixture requires the careful
testing of existing methods by using model compounds, and possi-
bly the development of a different or completely new approach. In
some cases, several methods should be used to examine different
aspects of the mixtures.
Although tandem mass spectrometry has been explored for the
characterization of lignin degradation products and the lignome
(defined [15] as the ensemble of all phenolic compounds for which
the biosynthesis is coregulated with lignin biosynthesis and their
derivatives, as well as the lignin oligomers), none of these studies
have focused on the first and the most important stage of a tandem
mass spectrometry experiment [15–25], efficient evaporation and
ionization of all the mixture components without associated frag-
mentation. For the analysis of complex mixtures, this stage should
generate only one ion per analyte, and the m/z-value of the ion
0016-2361/$ - see front matter  2011 Elsevier Ltd. All rights reserved.
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should provide MW information for the analyte. This is where the
commonly used ionization methods, including the traditional and
universal electron ionization (EI) method, fail. Although EI has
the benefit that it ionizes all organic molecules in a mixture, it
causes so substantial fragmentation for many of them that no sta-
ble molecular ion is formed. This prevents the assignment of
molecular weights for the mixture components. It also unnecessar-
ily complicates mass spectra obtained for already complex mix-
tures [26–28].
The common atmospheric pressure ionization (API) methods
also fail [29,30]. Electrospray ionization (ESI) mass spectrometry
has been tested for its suitability for molecular weight determina-
tion and structural characterization of the lignome. Positive ion
mode ESI (methanol/water solvent with ammonium acetate dop-
ant) of di- and polylignols leads to the formation of many simple
adduct ions, including ammoniated, sodiated and/or potassiated
analyte ions, as well as protonated analyte molecules, in the same
experiment [16,31,32]. Hence, this method is not suitable for anal-
ysis of complex mixtures. The usefulness of negative ion mode ESI
mass spectrometry (with ammonia-doped analyte solutions) has
been probed by using five model compounds. This approach led
to ionization of the analytes via deprotonation. However, many
of the deprotonated analytes were found to fragment spontane-
ously. For example, deprotonated vanillyl alcohol fragments by loss
of water. Adduct formation was also observed [18,33]. The forma-
tion of multiple types of ions for each analyte complicates the anal-
ysis of mixtures.
Mass spectrometry using atmospheric pressure chemical ioni-
zation (APCI) has also been explored for the characterization of
the lignome. Upon negative ion mode APCI (2:1 chloroform/meth-
anol solvents), an abundant deprotonated analyte (the [M–H] ion)
as well as fragment ions, including [M–H–CO], [M–H–CO2], [M–
H–CH3] and [M–H–CH2O], were produced for the di- and polylig-
nols studied [19]. Positive ion mode APCI (2:1 chloroform/metha-
nol solvents) yielded a protonated molecule, [M + H]+, and
fragment ions, including [M–H–CH2O]+, [M–H–CO2H]+, [M–H–
HCO2H]+, for the same di- and polylignols [19]. Generally, it is evi-
dent based on the literature that although APCI provides for effi-
cient ionization of model compounds, it frequently induces
fragmentation, rendering traditional APCI useless for the analysis
of the mixtures generated upon degradation of lignin [19,34].
To address the above issues, we have carried out a systematic
examination of the APCI and ESI methods in both positive and neg-
ative ion mode, natively as well as in the presence of selected do-
pants, for their viability as effective evaporation and ionization
methods for lignin degradation products and lignome. Simple
model compounds, as well as two monolignols (sinapyl alcohol
and coniferyl alcohol) and two dimers, were examined. The value
of structural information obtained by MSn for the ions formed by
the most powerful ionization method was also explored by using
a commercial linear quadrupole ion trap (LQIT) mass spectrometer.
2. Experimental section
2.1. Materials
Guaiacol (98% purity), eugenol (99% purity), isoeugenol (98%
purity), 2-methoxy-4-propylphenol (98% purity), sinapyl alcohol
(80% purity), vanillin (99% purity) and vanillyl alcohol (98% purity)
were obtained from Sigma–Aldrich (St. Louis, Mo, USA). Guaiacyl-
glycerol-b-guaiacylether (99% purity) and 2-methoxy-4-methyl-
phenol (98% purity) were purchased from TCI America (Portland,
OR, USA). 3,4-Dimethoxytoluene (99% purity) was obtained from
TCI (Tokyo, Japan). Coniferyl alcohol (98% purity) was obtained
from Alfa Aesar (Ward Hill, MA, USA). High-performance liquid
chromatography–mass spectrometry grade water and methanol
were purchased from Fisher Scientific (Pittsburgh, PA, USA). All
chemicals were used as received without further purification. Gua-
iacylglycerol-b-syringylether was synthesized using a previously
published procedure [35].
2.2. Methods
All experiments were carried out using a Thermo Scientific lin-
ear quadrupole ion trap mass spectrometer (LQIT) equipped with
either an ESI or APCI source. The LQIT was operated using the
LTQ Tune Plus interface and Xcalibur 2.0 software. The internal
nominal pressure of the LQIT was maintained at about
0.6  105 Torr, as read by an ion gauge.
To standardize the mass spectrometric analysis of model com-
pounds, stock solutions were prepared for all analytes with a final
concentration of 1 mM in 50/50 (v/v) methanol/water. For sodium
chloride dopant experiments, 5% sodium chloride (NaCl) water
solution was doped into the analyte solution (100 ll per 1 mL of
analyte solution). For ESI experiments carried out in the negative
ion mode, 1% sodium hydroxide solution was doped into the ana-
lyte solution (15 ll of NaOH per 1 mL of analyte solution) to make
a solution with a final pH of 11.
The solutions were introduced into the instrument by using a
syringe drive (15 ll/min) and combined via a tee connector with
HPLC eluent, 50/50 (v/v) methanol/water, delivered at a rate of
200 ll/min by a Finnigan Surveyor MS Pump Plus to facilitate a sta-
ble spray. The resulting mixture was introduced into either the ESI
or the APCI source. ESI conditions were 3.5–4 kV spray voltage,
sheath and auxiliary gas (N2) flow of 20 and 10 (arbitrary units),
and a heated ion transfer capillary/mass spectrometer inlet tem-
perature of 275 C. APCI conditions were a discharge current of
5.0 lA, vaporizer temperature of 400 C, sheath and auxiliary gas
(N2) flow of 30 and 20 (arbitrary units), and a heated ion transfer
capillary/mass spectrometer inlet temperature of 250 C. All DC
voltages and offsets for the ion optics were optimized utilizing
the tune feature of the LTQ Tune Plus interface. This mass spec-
trometer has a high mass limit of 4000 for z = 1.
In collision-activated dissociation (CAD) experiments, the ad-
vanced scan features of the LTQ Tune Plus interface were used to
isolate the ions by using an m/z window of 2 units. At a q value
of 0.25, the ions were subjected to CAD by using helium as the col-
lision gas for an activation time of 30 ms. ‘‘Normalized collision
energies’’ were varied from 20–40%. All of the fragment ions
formed were subjected to subsequent isolation and CAD events un-
til no further fragmentation products were observed. Xcalibur 2.0
software was used for processing all data produced. All mass spec-
tra acquired were an average of at least 20 spectra. All non-isotope
mass spectral peaks that had at least a 5% relative abundance were
reported for both full MS acquisitions and CAD experiments.
3. Results and discussion
In order to identify the most suitable atmospheric pressure ion-
ization method(s) for the tandemmass spectrometric characteriza-
tion of complex mixtures related to lignin degradation products
and lignome, a set of model compounds was subjected to positive
and negative ion mode APCI and ESI under traditional as well as
novel conditions. Each method is discussed separately below.
3.1. Positive and negative ion mode traditional APCI
Five compounds that are part of lignome and also related to
expected lignin degradation products were studied (Table 1). Only
two of these compounds, guaiacol and eugenol, formed an
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abundant protonated molecule upon ionization via traditional po-
sitive ion mode APCI (methanol/water solvent), as desired. In sharp
contrast, vanillyl alcohol and coniferyl alcohol formed exclusively
[M + H–H2O]+ fragment ions, thus leading to the loss of molecular
weight information. The facile loss of water from these protonated
molecules is expected due to their allylic and benzylic hydroxyl
functionalities that after protonation lose water to generate reso-
nance stabilized carbocations. Guaiacol and eugenol do not contain
these functionalities. However, the dimer, guaiacylglyerol-b-guai-
acylether, contains a benzylic hydroxyl group. Hence, this dimer,
like the structurally similar vanillyl and coniferyl alcohols, easily
loses water from the benzylic hydroxyl functionality, thus forming
the [M + H–H2O]+ ion. However, the two most abundant fragment
ions are [M + H–2H2O]+ and [M + H–H2O–CH2O]+ (Table 1). These
fragment ions arise by loss of water ([M + H–2H2O]+) or formalde-
hyde ([M + H–H2O–CH2O]+) from the initially formed water elimi-
nation product ([M + H–H2O]+), likely from the hydroxymethyl
group.
The five model compounds were also studied using traditional
negative mode APCI ionization (methanol and water as solvents).
All five compounds gave poor ion signals under these conditions,
which is indicative of the only weakly acidic phenolic moieties in
these molecules. Although an [M–H] ion was produced for these
compounds (Table 1), also fragment ions were formed in all cases
except one. The lack in sensitivity and the observed fragmentation
makes this a poor ionization method for the characterization of lig-
nin degradation products and lignome.
3.2. Positive and negative ion mode traditional ESI
The five model compounds were also studied by using ESI in the
positive ion mode (methanol/water solvents) (Table 1). Guaiacol
was the only analyte to form an [M + H]+ ion in significant abun-
dance. Vanillyl and coniferyl alcohols both formed predominantly
[M + H–H2O]+ fragment ions. The dimer, guaiacylglycerol-b-guai-
acylether, formed a sodiated ion upon ionization. Since sodium is
present in trace amounts in almost all solutions and is not regu-
lated in most LC grade solvents [36], the formation of this adduct
is not surprising. Finally, eugenol produced no signal after being
subjected to ESI. Since the model compounds produced different
types of ions or no ions at all, this method is not amenable for
the analysis of complex mixtures containing these types of
analytes.
The same model compounds were also exposed to negative
mode ESI (methanol/water solvents). Guaiacol and guaiacylglycer-
ol-b-guaiacylether yielded a poor or no ion signal, while vanillyl
and coniferyl alcohols produced an abundant [M–H] ion. Eugenol
also produced an [M–H] ion; however, fragmentation was also
observed for this compound. Although this method is the most
promising API approach tested, it still produced too many different
ion types, necessitating the exploration of other methods.
3.3. Positive ion mode ESI with sodium chloride dopant
As the traditional ESI approach was not successful, and, based
on the literature [16,31,32], the use of ammonium acetate dopant
made the situation even worst, we considered other possible do-
pants. The observation of an abundant sodium cation adduct for
the dimer upon positive ion mode ESI inspired the investigation
of sodium cation doped analyte solutions for the facilitated pro-
duction of sodium adduct ions upon positive ion mode ESI. Table 2
shows twelve compounds that were studied using NaCl dopant,
and the ions these compounds produced upon ESI in sodium doped
solutions. An abundant adduct ion [M + Na]+ was formed for each
of the compounds studied. No fragment ions were observed, likely
because the loss of water was prevented by the use of the sodium
cation for ionization instead of the proton. Vanillyl alcohol also
produced a sodiated dimer with 15% relative abundance, which ap-
Table 1
Ions (with their relative abundances and likely compositions) formed from five model compounds upon traditional positive and negative ion mode APCI and ESI (methanol/water
solvents).
Compound (MW) APCI (+) (m/z) APCI () (m/z) ESI (+) (m/z) ESI () (m/z)
Relative abundance Relative abundance Relative abundance Relative abundance
Guaiacol (124) [M + H]+ (125) 100% Poor signal [M + H]+ (125) 100% Poor signal
[M–H] (123) 100% [M–H] (123) 100%
Vanillyl alcohol (154) [M + H–H2O]+ (137) 100% Poor signal [M + H–H2O]+ (137) 100% [M–H] (153) 100%
[M–H] (153) 100%
Eugenol (164) [M + H]+ (125) 100% Poor signal No Signal Poor signal
[M–H] (163) 100% [M–H] (163) 100%
[M–H–CH3] (148) 15%
Coniferyl alcohol (180) [M + H–H2O]+ (163) 100% Poor signal [M + H–H2O]+ (163) 100% [M–H] (179) 100%
[M–H –H2O–H]  (160) 41%
[M–H–H2O] (161) 31%
[M–H] (179) 100%
Guaiacylglycerol-b-guaiacylether (320) [M + H–H2O]+ (303) 40% Poor signal [2 M + Na]+ (663) 15% Poor signal
[M + H–2H2O]+(285) 95% [M–H] (319) 100% [M + Na]+ (343) 100% [2 M–H] (639)
27%[M–H] (319) 100%[M + H–H2O–CH2O]+ (273) 97% [M–H–H2O–CH2O]
(271) 47%m/z 285-C6H3OCH3 (m/z 179) 20%
m/z 285-HOC6H2OCH3 (m/z 163) 25%
m/z 285-HOC6H4OCH3 (m/z 161) 20%
m/z 273-HOC6H4OCH3 (m/z 149) 30%
m/z 285-HOC6H3(OCH3)CCH (m/z 137) 16%
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pears to reflect the presence of a hydroxymethyl functionality in
this molecule, the only simple model compound that contains one.
The above results demonstrate that positive ion mode ESI using
NaCl dopant is effective at exclusively producing sodium cation ad-
ducts, with no associated fragmentation, for lignomic molecules
with different types of structures and different oxygen-containing
functionalities. This method facilitates the determination of the
molecular weights of unknown lignin degradation products. How-
Table 2
Ions (with their relative abundances) formed from several model compounds upon positive ion mode ESI by using sodium chloride doped
analyte solution.
Compound (NaCl) Structure Ionic products, relative abundance%
Simple model compounds
Guaiacol (124)
[M + Na]+ (147) 100%
2-Methoxy-4-methylphenol (138) [M + Na]+ (161) 100%
Vanillin (152) [M + Na]+ (175) 100%
3,4-Dimethoxytoluene (152) [M + Na]
+ (175) 100%
Vanillyl alcohol (154) [M + Na]
+ (177) 100%
[2 M + Na]+ (331) 15%
Eugenol (164) [M + Na]+ (187) 100%
Isoeugenol (164)
[M + Na]+ (187) 100%
m/z 349 13%
2-Methoxy-4-propylphenol (166) [M + Na]+ (189) 100%
Monolignols
Coniferyl alcohol (180)
[M + Na]+ (203) 100%
Sinapyl alcohol (210) [M + Na]+ (223) 100%
Dimers
Guaiacylglycerol-b-guaiacylether (320)
[M + Na]+ (343) 100%
Guaiacylglycerol-b-syringylether (350) [M + Na]+ (373) 100%
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ever, structural information is also necessary. Unfortunately, when
the sodiated adduct ions were subjected to CAD, no fragmentation
was observed. Thus, while this ionization method allows for the
determination of the molecular weights of unknown molecules in
mixtures formed upon degradation of lignin and in the lignome,
structural information cannot be obtained by this approach.
Table 3
Ions (with their abundances) formed from model compounds upon negative ion mode ESI by using sodium hydroxide doped analyte
solutions.




2-Methoxy-4-methylphenol (138) [M–H] (137) 100%
Vanillin (152) [M–H] (152) 100%
3,4-Dimethoxytoluene (152) No signal
Vanillyl alcohol (154) [M–H]
 (153) 100%
Eugenol (164) [M–H] (163) 100%




Coniferyl alcohol (180) [M–H] (179) 100%




Guaiacylglycerol-b-syringylether (350) [M–H] (349) 100%
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3.4. Negative ion mode ESI with sodium hydroxide dopant
The basification of lignin model compound solutions for en-
hanced analysis by negative ion mode ESI has been studied previ-
ously by using 50/50 methanol/water solutions of vanillyl alcohol,
syringic acid, pyromellitic acid, 4-hydroxy-a-[(2-methoxyphen-
oxy)methyl]-benzenemethanol, and guaiacylglycerol-b-guaiacyle-
ther spiked by ammonia (to a final concentration of 2.5%
ammonia) [18,33]. The conclusion of this study was that all the
analytes yielded predominantly the [M–H] ion. However, only
one mass spectrum was published, that measured for vanillyl alco-
hol, and it showed fragmentation. Hence, these experiments were
repeated in our laboratories by using the published method. In
addition to the [M–H] ion, abundant fragment and adduct ions
were observed over a range of m/z 50–200. To eliminate these un-
wanted ions, other basic dopants were explored.
The final, and most successful, approach investigated was dop-
ing analyte solutions with NaOH for negative ion mode ESI mass
spectrometry. This dopant should enhance the concentration of
deprotonated analyte molecules in solution, thus facilitating the
formation of gas-phase negative ions. Each of the twelve analytes
studied, with one exception, exclusively produced the deproto-
nated molecule [M–H], without any associated fragmentation
(Table 3). Hence, this method allows for molecular weight informa-
tion to be obtained for all but one of the model compounds studied,
while eliminating the undesired ions formed when using ammonia
doped analyte solutions. No signal was observed for 3,4-dime-
thoxytoluene, as expected, as it does not contain acidic hydrogens.
Thus, this method is dependent on the presence of an acidic hydro-
gen in the analyte. However, this should not be a serious limitation
since nearly all of the compounds expected to be formed upon deg-
radation of lignin and found in the lignome have at least one acidic
hydrogen [15,31]. However, as the sodium cation adduct in posi-
tive ion mode ESI was also formed for nonacidic analytes (Table 2),
this method can be used to verify that all analytes have been
ionized.
In order to examine the performance of the above method for
the analysis of a mixtures, an artificial mixture was prepared, con-
taining equimolar amounts of guaiacol (MW = 124 Da), 2-meth-
oxy-4-methylphenol (MW = 138 Da), vanillin (MW = 152 Da),
vanillyl alcohol (MW = 154 Da), eugenol (MW = 164 Da), isoeuge-
nol (MW = 164 Da), 2-methoxy-4-propylphenol (MW = 166 Da),
coniferyl alcohol (MW = 180 Da), sinapyl alcohol (MW = 210 Da),
guaiacylglycerol-b-guaiacylether (MW = 320 Da) and guaiacylgly-
erol-B-syringylether (MW = 350 Da), dissolved in 50/50 (v/v)
methanol/water and doped with sodium hydroxide. When this
mixture was subjected to negative ion mode ESI, the [M–H] ion
was formed for each mixture component, and these ions had sim-
ilar abundances (Fig. 1). Hence, this mass spectrometric method
ionizes the eleven different mixture components at a similar effi-
ciency to yield only one product ion per analyte without any obvi-
ous bias or fragmentation. This finding suggests that this ionization
method is suitable for the characterization of lignin degradation
product mixtures and the lignome.
Finally, the lower limit of detection of the above method was
tested for vanillin, and found to be 106 M solution or 0.76 lg/
ml. This number compares well with those obtained for other mass
spectrometric methods. For example, 106–107 M solution has
been reported as the detection limit for LIAD/ESI mass spectromet-
ric analysis of hemoglobin [36].
3.5. CAD/MSn of negative ions
In order to investigate the nature of the structural information
that can be obtained from the deprotonated molecules, collision-
activated dissociation (CAD) tandem mass spectrometric analyses
(CAD-MSn) were performed on the isolated [M–H] ions generated
from four of the model compounds (Table 4). In contrast to similar
earlier studies that were limited to only two stages of mass spec-
trometry and a single CAD event (MS2) [15,17,18,20], in this study,
multiple successive ion isolation and CAD experiments were per-
formed until no further fragmentation was observed. In the case
of sinapyl alcohol, tandem mass spectrometry experiments up to
MS7 were performed, allowing for the identification of all function-
alities in this multifunctional molecule. The analytes are discussed
in detail below.


































































Fig. 1. Negative mode ESI mass spectrum obtained for an equimolar mixture of guaiacol (MW = 124 Da), 2-methoxy-4-methylphenol (MW = 138 Da), vanillin (MW = 152 Da),
vanillyl alcohol (MW = 154 Da), eugenol (MW = 164 Da), isoeugenol (MW = 164 Da), 2-methoxy-4-propylphenol (MW = 166 Da), coniferyl alcohol (MW = 180 Da), sinapyl
alcohol (MW = 210 Da), guaiacylglycerol-b-guaiacylether (MW = 320 Da) and guaiacylglycerol-b-syringylether (MW = 350 Da) dissolved in 50/50 (v/v) methanol/water and
doped with sodium hydroxide.
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Eugenol and isoeugenol are isomers that cannot be differenti-
ated by mass measurement alone. However, CAD may allow the
distinction between these isomers. When subjected to CAD, depro-
tonated eugenol loses a methyl radical, which is indicative of the
presence of a methoxy group. The second CAD event resulted in
the loss of a hydrogen atom, likely from the benzylic carbon in
the alkyl chain. Deprotonated isoeugenol also fragments by a facile
loss of a methyl radical from its methoxy group. However, the sec-
ond CAD event resulted in no further fragmentation. This distinct
difference in the MS3 mass spectra allows for the differentiation
of the isomers and demonstrates the power of multi-stage tandem
mass spectrometry for the identification of unknown compounds
in complex mixtures.
Deprotonated sinapyl alcohol fragments by loss of water from
the allylic hydroxyl moiety, followed by consecutive losses of
two methyl radicals from the two methoxy groups, and finally
three CO molecules from the three oxygen atoms bound to the aro-
matic ring. From the characteristic losses of neutral fragments
upon CAD, all the functionalities present in sinapyl alcohol can
be identified. A thorough investigation of these fragmentation
reactions will be submitted for publication in the near future.
4. Conclusions
The need for a mass spectrometric method that can efficiently
evaporate and ionize lignin degradation products and lignome
has been a much ignored problem. Though efforts have been made
to structurally characterize various ionized model compounds and
degradation products, little attention has been given to the effi-
cient and unbiased ionization of all mixture components without
fragmentation. Based on the results presented here, the traditional
positive and negative ion mode APCI and ESI are not appropriate
ionization methods for the comprehensive analysis of lignin degra-
dation products and the lignome. However, by using appropriate
dopants, both positive and negative ion mode ESI allow the molec-
ular weight determination of unknown molecules related to lig-
nome. Though typically not an ideal dopant ion in an ESI spray
due to its lack of volatility, sodium ions are shown to efficiently at-
tach to a variety of model compounds, including one with no acidic
functionalities, and facilitate determination of their molecular
weights. A disadvantage of using sodium ions for ionization of
the analytes is the lack of structural information upon exposure
of the sodiated analytes to CAD. On the other hand, the [M–H]
ions generated in negative ion mode ESI by using NaOH dopant
for acidic analytes readily fragment upon CAD to yield structurally
informative fragmentation products. The lower limit of detection
for NaOH dopant was determined to be 106 M solution or
0.76 lg/ml, which compares well with those obtained for other
mass spectrometric methods.
Further, the efforts herein have demonstrated that negative ion
mode ESI with NaOH dopant can be used to efficiently ionize all
components of a mixture containing several lignin degradation
product model compounds (all acidic) that are vastly different in
their functionalities, with no significant bias or fragmentation
upon ionization. However, in order to make sure that any nonacidic
compounds are detected, positive ion mode ESI using NaCl dopant
should also be used. The ability to determine the products of lignin
degradation will have a significant effect on the search for a viable
replacement for fossil fuel and the valuable chemicals that are, to
date, only gained from this resource.
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